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ABSTRACT OF THESIS 
 
 
EFFECT OF BEDDING TYPE AND SOIL INCORPORATION ON NITROGEN 
MINERALIZATION RATE OF BROILER LITTER AMENDED SOILS 
 
 
 Broiler litter (BL) is a high value manure available to Kentucky crop producers to 
utilize as a fertilizer. The rate of BL application, timing of application, and method of 
application are all important factors to take into account when utilizing BL. A laboratory 
incubation was conducted to observe nitrogen (N) mineralization rates of BL amended 
soils over time under different conditions. Different application methods, application 
rates, watering frequencies, and bedding materials were used to determine their influence 
on N mineralization. Broiler litter applied on the soil surface, at lower rates, at lower 
watering frequency resulted in lower mineralization rates than BL that was incorporated, 
at higher rates and higher watering frequency. The rice hull bedding BL treatments had a 
significantly higher initial amount of NH4+-N than the wood-based bedding materials. 
The increased NH4+-N content produced a lower pH due to higher rates of nitrification. 
The difference in NH4+-N resulted in the rice hull BL treatments containing more 
inorganic N throughout the incubation. The wood-based BL contained significantly more 
carbon (C), zinc (Zn), and potassium (K). The results collected will help improve current 
nutrient recommendations and provide information that will help utilize BL more 
efficiently and economically.  
 
KEYWORDS: broiler litter, nitrogen, nitrogen mineralization, bedding material, rice 
hulls, wood-based bedding 
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CHAPTER 1. LITERATURE REVIEW 
1.1 Nitrogen in Cropping Systems 
Fifteen of the eighteen elements essential for plant growth are obtained from the 
soil which includes nitrogen (N), phosphorus (P), potassium (K), sulfur (S), magnesium 
(Mg), calcium (Ca), iron (Fe), boron (B), manganese (Mn), zinc (Zn), molybdenum (Mo), 
chlorine (Cl), cobalt (Co), nickel (Ni), and copper (Cu). Nitrogen, P, and K are usually 
the limiting nutrients in the soil for crop production systems (Magdoff and Van Es, 
2009). Nitrogen is vital to plant growth and is necessary for chlorophyll synthesis (IPNI, 
2006). It is the building block of nucleic acids, amino acids, proteins, and enzymes. Not 
all forms of N are available to the plant. Organic forms of N are not plant available while 
only some forms of inorganic N are available to plants. Most N is taken up by plants in 
the form of either ammonium (NH4+) or nitrate (NO3-). However, only a small percentage 
of the total N in the soil is in the inorganic form. Nitrogen mineralization is the process 
by which microorganisms decompose unavailable, organic forms of N, converting it to 
available, inorganic forms (Pierzynski et al., 1994). This process is particularly important 
when applying organic fertilizers, such as animal manures or crop residues, as nutrient 
sources for crop production. Organic N typically makes up a large portion of the N in 
these materials and must be mineralized before being used by the plant. Nutrient 
managers need to know the organic N mineralization rate when developing a plan that 
utilizes organic sources. The N mineralization rate provides an estimate of N supply from 
the organic source and informs decisions on rate and timing, as well as supplemental N 
sources. There are many factors that affect the rate of N mineralization such as the C:N 
ratio, temperature, moisture, and soil organic matter (Havlin et al., 2014). Each of these 
factors influences the microbial populations that carry out N mineralization, which affects 
the rate at which N is converted.  
Nitrogen is required in the largest amount by plants of all the essential elements. 
Nitrogen management has many factors that should be considered to prevent excess 
application and reduce potential environmental harm and economic losses in crop 
production (Havlin et al., 2014; Magdoff and Van Es, 2009). Environmental concerns 
with N include leaching of soil nitrate to groundwater, excess N in runoff, and nitrous 
oxide losses from denitrification (Magdoff and Van Es, 2009; Pierzynski et al., 1994). 
Crop producers are also concerned about efficient N management, so they can minimize 
N lost and maximize their efficiency. Knowing the N status of a field and the crop 
demand will influence the application source, rate, and timing to optimize nutrient 
management for a particular cropping system. This will depend on the type of fertilizer, 
the type of crop, and many other factors.  
1.2 Poultry Production and N Management in Kentucky 
Most soils in Kentucky do not supply enough N for the non-leguminous crops 
grown. Most cultivated soils in Kentucky range from 0.05 to 0.10% N, but only a small 
portion of this is available during the growing season (Wells et al., 1997). Kentucky soils 
usually remain wet through the winter and do not freeze completely, which creates 
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opportunities for loss of residual inorganic N prior to planting in the following spring 
(Ritchey and McGrath, 2018). The poultry industry developed rapidly in Kentucky about 
three decades ago (Rasnake, 1996), and Kentucky was seventh in the nation for broiler 
production with 308 million broilers in 2014 (NASS, 2017). This large increase in 
production is attributed to the four processing facilities in the state and processing 
facilities in neighboring states (Kentucky Poultry Federation, 2017). Approximately 140-
160 Mg of BL is removed during annual cleanout, and 18-23 Mg is removed with de-
caking operations (John Lloyd, personal communication, 2019). There are around 3,000 
poultry production houses in Kentucky (Kentucky Poultry Federation, 2017), resulting in 
about 408,000 Mg of broiler litter (BL) produced in Kentucky annually. Most of the 
poultry production occurs in the area of the state where corn production is concentrated. 
The top poultry producing counties in Kentucky are Graves, McLean, Hickman, Webster, 
and Ohio counties (USDA-NASS, 2017). This makes BL an available and economical 
source of nutrients, especially when proper N management practices are utilized 
(Shockley, 2016a).  
Broiler litter is a high-value manure in terms of nutrient content. It contains key 
macro and micronutrients that plants need in plant-available forms (Wells et al., 1997). 
Applying BL to cropland has also been shown to increase soil organic matter, increase 
the cation exchange capacity (CEC), and increase the buffer capacity of the soil (Havlin 
et al., 2014; Magdoff and Van Es, 2009). It can also increase soil water- and nutrient-
holding capacity, improve soil structure, decrease bulk density, increase infiltration, and 
can reduce aluminum toxicity and increase the mobility and availability of P and 
micronutrients by complexation with organic matter (Havlin et al., 2014; Magdoff and 
Van Es, 2009). Broiler litter used at the proper time and rate has shown higher yields than 
synthetic fertilizers due to these factors (Rasnake et al., 2004). The higher yield and long-
term benefits from BL application make it an economical choice for most crop producers 
in Kentucky but is influenced by the location of poultry production houses and 
transportation costs. The best management practices for BL use depend on the crop 
grown, soil type, and access to BL (Havlin et al., 2014). It is usually best to use BL in 
combination with synthetic fertilizers to supply all the necessary nutrients needed for 
your crop (Rasnake et al., 2004). With proper application rates and application timing, 
crop producers see economic benefit from applying BL as fertilizer in Kentucky.  
1.3  Concerns with Broiler Litter Use 
While land application of BL provides many agronomic benefits, it presents some 
environmental challenges that should be managed to minimize offsite impact. Land 
application of BL based on crop N requirement leads to soil P accumulation, due to an 
unfavorable BL N:P ratio compared to crop N:P uptake ratio (Magdoff and Van Es, 2009; 
IPNI, 2006; Pierzynski et al., 1994). Nitrogen or P transported to surface water 
contributes to eutrophication, harming aquatic life and water quality (Havlin et al., 2014; 
Magdoff and Van Es, 2009; Pierzynski et al., 1994). Excess N or incorrect application of 
N can cause nitrate contamination of groundwater and ammonia emissions (IPNI, 2006; 
Pierzynski et al., 1994; Sheng et al., 2014).  Both of these processes are detrimental to the 
environment and decrease the economic value of BL. Surface runoff of BL from the field 
can contain harmful microbial concentrations and contaminate surface water (Sheng et 
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al., 2014). This is especially a concern when BL is applied before intense rain events. 
Over applying fertilizer or BL can cause the needed nutrients to be lost from the crop 
production system and reduces the overall nutrient efficiency of their cropping system.  
Improper nutrient management from BL can cause loss of time and money. Increased 
efficiency in nutrient application leads to increased financial efficiency for crop 
producers. Crop producers and the environment benefit from responsible use of BL and 
other nutrient sources. 
1.4 Nitrogen Mineralization of Broiler Litter  
Nitrogen mineralization is a cascade of microbial and enzymatic activities which 
converts organic N to inorganic form through aminization (from macromolecules of 
organic N compounds to simple organic N compounds such as amino acids, amino 
sugars, and nucleic acids) and ammonification (from simple organic N compounds to 
ammonium (NH4+)) (Zaman et al., 1999a, 1999b). Nitrogen mineralization is influenced 
by the microbial populations that carry out this process. Temperature, moisture, aeration, 
and soil pH are a few of the factors that influence the biological activity in soils 
(Pierzynski et al., 1994). There are about 105 to 107 microbes g-1 soil that are active 
mineralizers (Paul et al., 2015). Microorganisms such as bacteria, fungi, and 
actinomycetes produce enzymes (proteinases, peptidases, chitinases, and kinases) that 
degrade proteins and non-proteins to produce ammonium (Pierzynski et al., 1994).  The 
organic forms of N can be a combination of proteins, chitin, nucleic acids, amino acids, 
sugars from microbial cell walls, and other forms like urea, found in BL and the soil 
environment. These organic forms of N are transformed to inorganic forms of N as 
ammonium (NH4+).  The two processes responsible for N mineralization are aminization 
and ammonification. These two processes are outlined below (Pierzynski et al., 1994). 
 
Organic N                                Amino-N(R-NH2) + CO2 + Energy, by-products 
 
Amino – N(R – NH2)                               NH3 + H2O           NH4+ + OH-  
 
Once mineralized, NH4 can be taken up by plants, nitrified, immobilized by soil 
microorganisms, lost as a gas by ammonia volatilization, held as exchangeable ions by 
clay and soil colloids, or fixed in interlayers of clay (Pierzynski et al., 1994). Broiler litter 
contains both organic forms of N like uric acid, urea, and undigested proteins and 
inorganic forms of N such as nitrate and ammonia. Most of the N in BL is in the form of 
uric acid or urea (60-70%) and about 30% is in the form of undigested proteins (Nahm, 
2003). 
Understanding the N mineralization process and how it impacts the optimal 
timing and rate of BL application is important in order to make proper recommendations 
for N use. Nitrogen mineralization rates are quantified by incubating BL and soil then 
comparing inorganic N content from the initial sample to the sample at different time 
points. A highly cited study conducted by Bitzer and Sims (1988) investigated laboratory 
studies and field studies to predict available N in BL. They conducted a 140-day 
incubation study quantifying initially extractable ammonium and nitrate using a 2 M KCl 
extraction procedure in the laboratory and a field study. The litters used in this study were 
Aminization 
Ammonification 
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a mixture of poultry excreta and sawdust or wood shavings that were prepared as water-
BL slurries for incorporation with a soil and sand mixture. The rate of BL application was 
based on the predicted available N (plant-available N) assuming that 80% of the 
inorganic N from the BL would be recovered and that 60% of organic N would 
mineralize within 140 days (Bitzer and Sims, 1988). They concluded the average amount 
of organic N mineralized was about 66%. Gale and Gilmour (1986) determined that there 
are three phases of decomposition for BL: rapid, intermediate, and slow. The study 
showed that high rates of N mineralization occurred in the first day due to uric acid 
degradation to urea and subsequent hydrolysis of urea to NH3. The intermediate phase 
was when the readily mineralizable N was being consumed followed by the slow phase 
where the microorganisms are decomposing the more recalcitrant pools of N. Hubbard et 
al. (2008) measured ammonium and nitrate to measure N mineralization after a 70-day 
incubation. This field study used PVC pipe cylinders in-situ with BL applications 
incorporated above the cylinders. The findings showed that N mineralization rates 
correlate with sand content, meaning that as the sand content increases, so does the rate 
of N mineralization (Hubbard et al., 2008). The study also found differences between the 
rates of ammonium accumulation where the sandy soil was complete by day 21 while 
they clayey soil accumulated ammonium until day 21 and was not depleted until day 70. 
This means that the nitrification step occurred much later in the clayey soil than the sandy 
soil. However, in this study the moisture and temperature differed in the field 
experiments, which affected the microclimate of each soil environment. This is likely to 
have affected the N mineralization rate along with the texture. The courser sandy soil 
allowed more O2 into the environment allowing mineralization and other aerobic 
microbial process to occur at a faster rate. The rate of N mineralization is dependent on 
many factors and influences the best management practices used when applying BL.  
1.5 Factors Affecting Nitrogen Content and Nitrogen Mineralization Rates 
Many factors affect the N content of the BL. The storage practices, poultry 
production practices, stockpiling and cleanout schedules, application timing, and 
application method are just a few of the factors that influence the amount of N as well as 
the rate of N mineralization in the soil after BL application (Hubbard et al., 2008; Nahm, 
2003; Nahm, 2005). The inorganic N contents and the mineralizable organic N fraction 
are added together to calculate the fertilizer value of BL. The factors that influence the 
total N content are differences in feed, feed conversion by different species, age of the 
animal, bedding material and water intake, pH, temperature, and moisture (Leconte et al., 
2011). The rate that organic matter is decomposed is affected by the chemical 
composition of the material decomposing and the soil characteristics where the 
decomposition is taking place (Douglas and Magdoff, 1991). The amount of carbon 
(Reinertsen et al., 1984), hemicellulose (Lupway and Haque, 1998), lignin (Melillo and 
Aber, 1982; Mueller et al., 1998), and concentration of N (Gordillo and Cabrera, 1997) 
influence the rates of organic C and N mineralization. The ratios of these chemical 
components, such as C:N ratio (Barbarika et al., 1985; Gordillo and Cabrera, 1997; 
Mueller et al., 1998), lignin to N ratio (Mueller et al., 1998), and hemicellulose to N ratio 
(Lupway and Haque, 1998) have shown to be correlated with the rate of organic C and N 
mineralization.  
 
 
5 
1.5.1 Handling and Storage 
Proper handling and storage of BL is necessary to preserve the nutrient value and 
prevent contamination of surface and groundwater. According to Rasnake et al. (1995), 
improper handling and storage of BL can result in loss of fertilizer nutrients, 
contamination of surface or groundwater, potential for spread of poultry diseases, odor, 
and aesthetic problems. Many farms in Kentucky pile BL in the field for storage it until it 
is applied. This usually occurs when clean out schedules do not accommodate immediate 
land application. Temporary storage (roofed storage or in-field storage) of BL is required 
prior to land application when the cleanout occurs before crop producers can apply it 
(Shober, 2015). Management practices of the production facility dictate when the poultry 
houses are cleaned out. Sometimes there are partial cleanouts between flocks that remove 
only the caked material. Cleanouts also occur once a year that may allow the timing of 
the cleanout to be closer to when the litter can be used. This is beneficial for crop 
producers who wish to use the BL for fertilizer because they are able to apply it directly. 
Broiler litter applied immediately after cleanout can result in greater nutrient content and 
reduces labor expenses and potential environmental problems. In some cases, it is 
necessary to have more frequent cleanouts to deal with problems in poultry houses such 
as diseases. When BL is stacked and stored either under a covered structure or exposed to 
rain, it changes the nutrient content of the BL. Storage practices have an impact on the 
amount of N and how available the N is.  
1.5.2 Application Method 
Broiler litter application method can impact the amount and timing of plant-
available N. Broiler litter is traditionally surface broadcast and incorporated shortly after 
application in tilled crop production systems. Volatilization losses are greatest for 
broadcast application close to application time but can be significantly reduced if 
incorporated soon after application (Webb et al., 2005). Substantial amounts of the 
ammonium and urea-N in manures can be lost through volatilization to the air if left on 
the soil surface. How much is lost also depends on weather conditions at the time of 
application. High temperatures increase losses, while as little as 0.85-1.3 cm of rain can 
move the inorganic N into the soil and prevent its loss (Rasnake, 2000; Rasnake et al., 
2002). Excess rainfall, on the other hand, can cause nitrogen loss through runoff or 
leaching.  
Pote and Meisinger (2014) found that incorporating BL with light disking after 
broadcasting decreased NH3 volatilization an average of 67% compared to surface 
broadcast application. The NH3 volatilization decreased an average of 88% when applied 
by subsurface injection compared to surface broadcast application (Pote and Meisinger, 
2014). Surface applying BL results in higher levels of nutrient loss in runoff during rain 
events which leads to environmental concerns with high levels of P and NO3--N moving 
out of the system and into bodies of water (Adeli et al., 2007).  
There has been a shift to no-till practices in crop production (McFadden, 2017), 
and subsurface banding can be an effective manure management strategy for producers in 
no-till systems (Adeli et al., 2012). Adeli et al. (2012) found no noticeable differences 
between pelletized and non-pelletized litter when they were subsurface banded but found 
that subsurface banded litter had higher values for grain yield, harvest index, N used, and 
N use efficiency compared to the surface broadcast litter. Tewolde et al. (2009) compared 
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subsurface banded to surface broadcast BL in cotton and found that subsurface banding 
BL significantly increased the lint yield by 68 kg ha-1. This study looked at different rates 
of BL application within the application methods and found the N conserved in 
subsurface banding the BL suggests that broadcast BL recommendations may be reduced 
by 30% for subsurface banding (Tewolde et al, 2009). Simmons et al. (2016) found that 
subsurface banded BL had 8.75% greater corn yield and increased N availability by 3.8% 
compared to surface applied BL.  
1.5.3 Ammonia Volatilization 
Volatilization losses occur from the time BL is generated in the production 
facility and can continue after it is applied on land. Ammonia (NH3) is generated in 
poultry houses during poultry production (Nahm, 2005) and is detrimental to poultry 
performance once reaching a harmful level (Huff et al., 1984). Nitrogen lost through NH3 
volatilization, can negatively affect poultry performance and reduce the N content of the 
BL produced from that system. Broiler litter has a high potential for NH3 volatilization 
since it contains high levels of uric acid and undigested proteins, which are sources of 
NH3 volatilization (Nahm, 2005; Serna and Pomares, 1992). Rothrock et al. (2010) 
concluded that organic N in BL is comprised primarily of uric acid, urea, and undigested 
proteins, with urea and uric acid potentially making up to 80% of the organic N. The 
amounts of plant available N and NH4+-N subject to NH3 volatilization are ultimately a 
function of mineralization of uric acid and urea (Rothrock et al., 2010). One way to 
combat NH3 volatilization is to add absorbents that are sources of C to the BL to capture 
some of the readily available N and allow microbial populations to begin N 
immobilization (Alexander, 1977; Serna and Pomares, 1992). Adding additional carbon 
like sawdust to BL widens the C to N ratio, which is important in determining the fate of 
N in BL (Lory et al., 2002). This addition improves the ability of the BL to retain N. 
Bedding materials that are high in C, such as cellulosic wastes like sawdust, wood 
shavings, rice hulls, and straw have a strong immobilizing effect when present in BL 
(Alexander, 1977; Serna and Pomares, 1992). The order of importance for factors 
influencing NH3 formation in poultry manure is pH > temperature > moisture content 
(Nahm, 2003). Uric acid and urea are rapidly hydrolyzed to NH3 and CO2 by enzymes 
urease and uricase if the temperature, pH, and moisture are adequate for microbial 
activity (Nahm, 2003). Broiler litter pH and uric acid degradation are important to NH3 
formation and volatilization processes.  
1.5.4 Carbon to Nitrogen Ratio 
Bitzer and Sims (1988) found that the organic fraction of BL has a C:N ratio that 
varied from 1 to 27:1. The C:N ratio of BL without straw was 15.47 after five days of 
composting and 12.21 after 30 days of composting (Jeong et al., 1997). As the organic N 
content increases, the C:N decreases and N mineralization will be more rapid (Havlin et 
al., 2014; IPNI, 2006; Nahm, 2005). This means that in order to increase the N 
mineralization rate, the C:N ratio must be decreased. Van Kessel et al. (2000) found that 
there was a linear relationship between readily mineralizable N and the C:N ratio when 
the C:N ratio was below 42. This experiment also concluded that there was a positive 
relationship between readily mineralizable C and N and the components’ total N 
concentration (Van Kessel et al., 2000). Subair et al. (1999) found that the percentage of 
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organic N mineralized was negatively correlated with the amount of C, the initial C:N 
ratio of the manure, and the loss of C during the experiment. Watts et al. (2012) reported 
that as a rule of thumb a C:N ratio of 20:1 is the breakeven point between immobilization 
and N release. The C to organic N (ON) ratio can also be predictive of the mineralization 
and immobilization of N. Materials with C:ON ratios of 15 or more will immobilize N, 
while ratios lower than 15 will result in mineralization with higher mineralization rates 
correlated to lower C:ON ratios (Kirchmann, 1985; Mary and Recous, 1994). The C:N 
ratio is limited in assessing the N immobilization and mineralization potential since it 
does not address the availability of C and N to microorganisms, which control these 
processes (Parr and Papendick, 1979) 
1.5.5 Particle Size 
The particle size of the material changes the amount of surface area. A higher 
surface area leads to a higher potential for microbial activity and N mineralization, which 
will affect the rates of N mineralization. Sain and Broadbent (1977) conducted controlled 
lab experiments and found no effect on the decomposition rates when straw was chopped 
versus when the straw was left whole. However, field trials found that chopping straw 
allowed for more rapid decomposition due to the better contact between residues and the 
soil surface. Agehara et al. (2005) conducted a study on multiple amendment types and 
concluded that in addition to chemical composition, particle size plays an important role 
in N mineralization since it affects the surface area of the N source and contact with 
microorganisms. 
1.5.6 In-House Management Practices 
The amount of N in BL depends on the practices are followed in the broiler house 
and manure management once removed from the production facility (Watts et al., 2012). 
The amount of N in BL is dependent on management practices followed in the broiler 
houses. This includes cleanout schedule (Magdoff and Van Es, 2009; Watts et al., 2012), 
type of waterers used (Elwonger and Svensson, 1996; Nahm, 2005), chemicals added 
(Watts et al., 2012) and the protein level of the feed (Elwonger and Svensson, 1996; 
Nahm, 2005; Parker et al., 1959). An increase in protein in the broilers feed significantly 
increased the N content of the litter, the NH3 emission rate, and total N loss (Elwonger 
and Svensson, 1996). One of the biggest factors that affect the N content and 
mineralization rate is whether the production facility uses a cake removal or full cleanout.  
De-caking is the removal of the cake or top layer of hardened manure from the 
poultry house (Watts et al., 2012). It is increasing in popularity since it saves producers 
money and labor because producers do not need to replace the bedding material as often. 
When using the de-caking method, some producers have a full clean out every year while 
some do not clean out the litter but once every three to five years. Some producers de-
cake between each flock and have an annual total cleanout. The cake contains more 
concentrated manure competent and less bedding than manure that was removed from a 
total cleanout.  
A study conducted by Watts et al. (2012) evaluated the effect of broiler cake and 
total cleanout litter amended with chemical additives on C and N mineralization. Three 
poultry litter components (cake, total cleanout, and bedding material) from a broiler 
house were evaluated and compared to a control. Chemical amendments lime (CaCO3), 
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gypsum (CaSO4), aluminum sulfate (AlSO4), and ferrous sulfate (FeSO4) were added to 
the poultry litter components to determine their impact on C and N mineralization. This 
study was a short term, 35-day incubation. The total cleanout and cake materials had 
similar C:N ratios (8.9 broiler cake and 8.4 total cleanout), but the broiler cake likely 
contained a more energy-rich supply of C compared to the total cleanout. The carbon 
source in the cake portion of the litter in broiler houses generally contains a higher 
concentration of manure while the total cleanout contains both manure and bedding 
which changes the supply of C. This was reflected in the results since the broiler cake had 
the highest N mineralization rate followed by total cleanout (Watts et al., 2012).  
This study also evaluated the impact of commonly added chemical amendments 
used with land-applied BL to decrease P loss with surface water runoff or in the poultry 
production facilities to reduce NH3 volatilization during grow out. These chemicals could 
affect N availability to crops according to the results after these chemicals were added to 
the cake, total cleanout, and bedding mixtures (Watts et al., 2012). The use of chemical 
amendments, such as AlSO4, may decrease the N mineralization rates thereby slowing 
down N availability to crops. 
1.5.7 Temperature 
Temperature affects the overall rate of N mineralization in any system since 
microbial activity is impacted by temperature. However, the optimum temperature for N 
mineralization varies depending on the soil and N amendment type (Thangarajan et al., 
2015). For each 10⁰C change in temperature, Stanford et al. (1973) reported a twofold 
change in N mineralization rate. Thangarajan et al. (2015) studied the effect of 
temperature at 18, 24, and 37⁰ C on N transformation using various manure and inorganic 
N sources in a 28-day incubation. The NH4-N concentration increased in the treatments 
and reached a peak value on or before day seven. The study found that the net 
ammonification rate increased with an increase in temperature in all of the soils and pH. 
Myers (1975) conducted a similar study and found the same conclusion that the 
ammonification rate increases with temperature. The effect of temperature had more of 
an impact in acidic soils. The NH4 concentration increased with an increase in 
temperature for BL and all other organic amendment treatments in studies conducted by 
Agehara and Warncke (2005) and Thangarajan et al. (2015). An increase in temperature 
from 15 to 25⁰C increased the N release for organic amendments by a mean value of 15% 
(Agehara and Warncke, 2005). This was supported by a finding from Whitmore (2007) 
where an incubation at 5°C, 10°C, and 20°C was conducted and concluded that with 
temperature increase, the rate of N mineralization increased.  
1.5.8 pH 
The main factor that regulates the equilibrium between NH4+-N and NH3--N is pH 
(Kissel et al., 2008). Uric acid and undigested proteins in BL increase degradation rates at 
pH of 5.5 or higher, with the optimum pH of urease being 9 (Burnett and Dondera, 1969). 
Below a pH of 7, almost all ammonia is bound as ammonium and not available for 
volatilization (Nahm, 2005). The application of BL affects the pH of the soil due to the 
alkaline pH and a large Ca content. BL has been shown to increase the soil’s pH (Codling 
et al., 2000; Watts et al., 2012).  This process can take place over short term or long term 
applications of BL (Gupta and Charles, 1999; Moore and Edwards, 2005). Moore and 
 
 
9 
Edwards (2005) reported an increase in pH from 5.1 to 5.8 after application of BL for 
seven years. The short term changes in pH are complex depending on the temperature, 
soil pH, and moisture of the soil.  Hydrolysis of urea neutralizes H+ when releasing 2 
NH4+ but subsequent nitrification of NH4+ produces 2 H+. Broiler litter contains high 
calcium carbonate levels from feed additives (Hue, 1992). Sims (1986) found that the 
high alkaline nature of BL can increase the soil pH early in the growing season, however 
upon nitrification, a large amount of ammonium added can decrease the pH to a level 
where acidity may be a concern. More nitrification occurred with warmer temperatures. 
The BL had an initial pH of 7.1 to 7.9 and the soil had an initial pH of 6.5 that decreased 
to 5.4 as a result of nitrification (Sims, 1986).  
1.5.9 Water Content 
Mineralization of natural organic materials is mediated by heterotrophic bacteria 
and fungi. Soil moisture regulates oxygen diffusion in soil with maximum aerobic 
microbial activity occurring at soil moisture levels between 50 and 70% of water holding 
capacity (Linn and Doran, 1984; Franzluebbers, 1999). The water content of the soil 
environment has a significant impact on the activity of the microbes in the soil. Kladivko 
and Keeney (1987) found that soil N mineralization was linearly related to water content 
or the log water potential in both a silt loam soil and a silty clay loam when observed 
over five different water potentials. Sleutel et al., (2008) found that the optimal water-
filled pore space (WFPS) for N mineralization ranged between 57% and 78% with a 
mean of 65% ± 6% WFPS. Above this the microbes do not have enough O2 to operate 
efficiently, and below this there is not enough H2O to meet the demand of the microbes. 
Agehara et al. (2005) found that increasing the moisture in BL amended soils from 50 to 
90% increased the net N mineralized by 21% (11.1 mg kg-1). Low soil moisture inhibits 
microbial activity by reducing diffusion of soluble substrates (Griffin, 1981), microbial 
mobility (Killham et al., 1993) and intracellular water potential (Stark and Firestone, 
1995). Low soil moisture inhibits activity of nitrifying bacteria by reducing substrate 
diffusion and intracellular water potential. Urease is very influential in the N 
mineralization process and urease activity is generally highest near field capacity and 
declines as soil moisture decreases (Vlek and Carter, 1983; Sahrawat, 1984).  
1.5.10 Application Timing 
Broiler litter is either applied in the fall after harvest or in the spring near planting. 
Spring application of BL maximizes the economic value but is not always possible 
(Shockley, 2016a). Challenges to spring application of BL include wet soil conditions, 
lack of time or labor to spread near planting, and availability of BL in the spring. These 
challenges make fall applications a common practice in Kentucky (Shockley, 2016a). Fall 
application is common when applying BL on pastures and hayfields where plant cover is 
available to take up some of the NO3--N, leading to less losses than applying on bare soil 
in the fall. Applying BL in the fall is more effective in areas where freezing temperature 
prevails during the fall and winter preventing most losses. Diaz and Sawyer (2008) 
reported that in Iowa corn fertilized with fall- or winter-applied BL produced equal grain 
yield as corn fertilized with spring-applied BL. In warmer climates where the fall and 
winter temperatures are not consistently at a freezing temperature, N losses from 
applying BL in the fall are more evident in the successive crop yield. Tewolde et al. 
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(2013) conducted a three-year study in northern Mississippi and found that applying 18 
Mg ha-1 BL in the fall, relative to spring, reduced maize (Zea mays L.) grain yield by 
12.8%. In Kentucky, Jn-Baptiste et al. (2012) reported that the grain yield of corn 
fertilized with poultry litter was not affected whether the litter was applied in the fall or 
spring. In this study the soil inorganic N was 17% (18 kg ha-1) greater in spring 
application than fall applications when sampled mid-season when applied at a rate of 18 
Mg ha-1. This was likely due to the high rate of N application. Nitrogen remaining in the 
soil from the fall application was adequate to meet the crop requirement, but significant 
losses occurred. This makes fall applications less desirable from an economic and 
environmental perspective.  
1.5.11 Bedding Material 
Broiler litter applied in the field may contain a variety of bedding materials 
depending on poultry production processes in the poultry house and what is economically 
available. Wood shavings and sawdust are commonly used in areas where the forest 
industry produces wood byproducts and are economically viable. Rice hulls are a 
common byproduct that is economical near areas where rice is grown. Previous research 
on the use of different bedding materials has focused mainly on broiler performance. 
Toghyani et al. (2010) reported that broilers reared on the floor (no litter), sand, and 
rolled paper grew as well as those reared on wood shavings and that (given a choice), 
broilers spent the greatest proportion of their total time on sand. Abreu et al. (2011) 
reported that rice hull litter material promoted the best performance of birds.  
Sheng et al. (2014) conducted a study that compared BL using two different 
bedding materials. Rice hull and pine chip bedding litter were compared to determine the 
effects on nutrient concentrations in runoff water and the soils, populations of microbes 
in runoff water, and on plant growth. The study was conducted in a greenhouse with 
simulated rainfall. The BL was broadcast onto the soil surface. The two litters had similar 
initial total N and total C percentages, but throughout the study it was observed that the 
treatments with pine chip litter produced greater nutrient concentrations in runoff and 
lower nutrient concentrations in the soil than the rice hull treatments did. More nutrients 
were conserved in the soil, and that caused the runoff values to be lower for the rice hull 
treatments (Sheng et al., 2014). Soluble N and P concentrations in the soil were higher for 
treatments with rice hulls. It is possible that part of the difference observed is due to 
particle sizes and surface area. The pine chip BL contained larger sized particles with less 
total surface area. The higher surface area of the rice hulls causes higher absorbance of 
nutrients. Leconte et al. (2011) confirmed this by reporting that nutrient release from 
poultry manure composts was regulated by particle sizes of agents in addition to types of 
carbonaceous bulking agents. It was also reported that manure stability increases with 
decreasing particle size, meaning that less N and P are released (Leconte et al., 2011).  
1.6 Research Gaps 
Little research is published on the agronomic implication of the nutrient content 
and availability from BL as influenced by bedding material source. Much is unknown 
about the influence of the bedding material on the N mineralization rates or the N, P, and 
K content when BL is applied in crop production systems. It is well documented how the 
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timing of application influences the N content and value of BL. A tool developed by 
Shockley et al. (2016b) estimates the value of BL based on the cropping system, price of 
fertilizer, BL nutrient composition, and other costs associated with applying BL. When 
using the tool to simulate typical corn and soybean rotation in Kentucky, the equivalent 
of $16.53 Mg-1 N is lost when applying BL in the fall instead of the spring. An additional 
$7.72 Mg-1 is lost if the BL is surface applied without incorporation compared to 
incorporating five to seven days after. These differences are well researched and should 
be incorporated into the producers’ decision-making process. It is unknown if there are 
significant differences between the bedding materials used in KY and the surrounding 
states. Bedding material used in poultry houses should be considered when making 
nutrient management decisions. The primary objectives of this study are to 1. determine 
if different bedding material in BL influences N mineralization rates, 2. determine if 
application method and application rate influence N mineralization rates, and 3. 
determine if there are interactions between the bedding material and the application rate 
or method when comparing N mineralization rates.  
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CHAPTER 2. WATER CONTENT, APPLICATION METHOD, AND RATE 
INFLUENCES ON BROILER LITTER MINERALIZAITON 
2.1 Abstract 
Broiler litter (BL) is traditionally surface broadcast and incorporated shortly after 
application in a tilled crop production system, while it is left on the surface in no-till 
cropping systems. The objective of the study was to observe how N rate and BL 
application method influence N mineralization rates of BL amended soils. A laboratory 
incubation study was conducted in a randomized complete block design using a Crider 
silt loam soil (Fine-silty, mixed, active, mesic Typic Paleudalfs). This study utilized one 
BL sample and an ammonium nitrate treatment as a N only control applied at 112 kg total 
N hectare-1 and 448 kg total N hectare-1 replicated four times. The amended samples were 
applied on the surface and incorporated into the soil. One set of samples were 
destructively sampled on each sample date at an interval of 1, 3, 7, 14, 28, 56, and 118 
days. The samples were incubated at 25C and 85% relative humidity. Results were 
obtained for total inorganic N, NO3--N, NH4+-N, phosphate, Mehlich III extractable P, K, 
Ca, Zn, and Mg, total C, total N, and pH. For the application method and rate study there 
were significant differences between the N rate and N source for total inorganic N, NO3--
N, NH4+-N, and pH. The surface applied samples had significantly slower N 
mineralization rates for the BL treatments. The differences were even greater at the high 
N rate. The nitrification rates were significantly higher for the incorporated samples 
compared to surface applied. The surface applied application methods had increased 
phosphate and Mehlich III P and decreased levels of NO3--N and total inorganic N. The 
BL in the incorporated samples was surrounded by soil and the microorganisms 
responsible for N mineralization and nitrification, effectively increasing the accessible 
surface area of the BL. The BL treatments increased overall microbial activity and 
provide value to the soil environment by increasing C content. This influences the overall 
microbial activity by enabling previously C limited process to resume with the new pool 
of C from BL application. The findings of this study can improve BL management 
practices and provide positive agronomic, economic, and environmental consequences.  
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2.2 Introduction 
2.2.1 Tillage Practices and Broiler Litter Application Methods 
In recent years the popularity of no-till farming has increased drastically 
(McFadden, 2017). No-till practices in most cropping production systems help improve 
soil health and crop yields by increasing SOM, increasing infiltration rates, improving 
soil structure, reducing erosion and runoff, and providing numerous other benefits 
(Blevins, et al., 1983; Dick, 1983; Halvorson, et al., 2002; West and Post, 2002; Presley 
et al., 2012). Changes in soil composition when employing no-till practices have been 
studied intensely and led to many crop producers implementing no-till or minimum 
tillage practices. The choice to utilize no-till production systems influences how 
producers apply BL. The BL application method can influence the amount and timing of 
plant-available N.  
Broiler litter is traditionally surface broadcast and incorporated shortly after 
application in a tilled crop production system. Nitrogen is conserved when broadcasting 
BL if followed by incorporation. Volatilization losses can be significantly reduced if 
incorporated into the soil within a few hours of application (Webb et al., 2005). Pote and 
Meisinger (2014) found that incorporating BL with light disking after broadcasting 
decreased NH3 volatilization an average of 67% compared to surface broadcast 
application. The most common practice in no-till systems is to surface apply BL by 
broadcasting onto the undisturbed soil. Broiler litter injection (subsurface banding) 
systems have been studied as an alternative method for BL application to decrease the 
nutrient losses that occur with surface applying BL. Utilizing subsurface banding has 
proven effective for crop growth and even more effective at increasing N-mineralization 
and decreasing nutrient losses than incorporation. New technologies have made 
subsurface banding an option for some producers.  
Subsurface banding BL leads to increased yield and lower nutrient losses. Adeli et 
al. (2012) found no noticeable differences between pelletized and non-pelletized litter 
when they were subsurface banded but found that subsurface banded litter had higher 
values for grain yield, harvest index, N used, and N use efficiency compared to the 
surface broadcast litter. Tewolde et al. (2009) compared subsurface banded to surface 
broadcast BL in cotton and found that subsurface banding BL significantly increased the 
lint yield by 68 kg ha-1. This study also looked at different BL application rates within the 
application methods and found the N conserved in subsurface banding BL suggests that 
broadcast BL recommendations may be reduced by 30% for subsurface banding 
(Tewolde et al, 2009). Simmons et al. (2016) found that subsurface banded BL had 
8.75% greater corn yield and increased N availability by 3.8% compared to surface 
applied BL. The NH3 volatilization decreased an average of 88% when applied by 
subsurface injection compared to surface broadcast application (Pote and Meisinger, 
2014). Surface applying BL results in higher levels of nutrient loss in runoff during rain 
events which leads to environmental concerns with high levels of P and NO3--N moving 
out of the system and into water bodies (Adeli et al., 2007). Soil incorporation does not 
follow broadcast application of litter in no-till production systems and the equipment 
needed to apply BL through subsurface banding is expensive. Few laboratory incubation 
studies have been conducted to improve the knowledge of surface applied BL.  
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2.2.2 Water Content 
Water content of the soil is vital to microbial activity. Mineralization of natural 
organic materials is mediated by heterotrophic bacteria and fungi. Soil water regulates 
oxygen diffusion in soil with maximum aerobic microbial activity occurring at soil water 
levels between 50 and 70% of water holding capacity (Linn and Doran, 1984; 
Franzluebbers, 1999). The water content of the soil environment has a significant 
influence on the activity of the microorganisms in the soil. Kladivko and Keeney (1987) 
found that soil N mineralization was linearly related to water content or the log water 
potential in both a silt loam soil and a silty clay loam when observed with five different 
water potentials in the optimum water range. Sleutel et al., (2008) found that the optimal 
water-filled pore space (WFPS) for N mineralization ranged between 57% and 78% with 
a mean of 65% ± 6% WFPS. Above this the microorganisms do not have enough O2 to 
operate efficiently, and below this there is not enough H2O to meet the microbial demand. 
Agehara et al. (2005) found that increasing the water in BL amended soils from 50 to 
90% water holding capacity increased the net N mineralized by 21% (11.1 mg kg-1). Low 
soil water inhibits microbial activity by reducing diffusion of soluble substrates (Griffin, 
1981), microbial mobility (Killham et al., 1993), and intracellular water potential (Stark 
and Firestone, 1995). Low soil water inhibits activity of nitrifying bacteria by reducing 
substrate diffusion and intracellular water potential. Urease is very influential in the N 
mineralization process and urease activity is generally highest near field capacity and 
declines as soil water decreases (Vlek and Carter, 1983; Sahrawat, 1984).  
2.2.3 Objectives 
The objective of the application method and N rate study was to observe how N 
rate and BL application method influence N mineralization rates of BL amended soils. 
This study was used to assess procedures and solidify the design of all subsequent studies 
conducted for this project. A significant adjustment was made two weeks into the study 
regarding the watering frequency of the samples. Due to this alteration, two additional 
studies were added to identify the changes that occurred as a result of low water content 
in the first 14 days. The objective of the short-term watering follow up study was to 
detect if the lower water content during the first 14 days inhibited microbial activity or 
influenced N dynamics in the samples. The objective of the long-term watering follow up 
study was to determine if high and low watering frequency influenced the final total 
inorganic N content of the samples during a 56-day incubation.  
2.3 Materials and Methods 
2.3.1 Soil Collection and Preparation 
The top 15 cm of soil collected in the field in Princeton, Kentucky was sieved to 7 
mm in the field to remove crop residue, roots, and large clods. Three subsamples were 
sent to University of Kentucky Regulatory Services for soil analysis that included soil pH 
and buffer pH, Mehlich III extractable P, K, Ca, Mg, Zn, CEC, exchangeable bases, 
organic matter, total nitrogen, water holding potential, water at field capacity, water at 
wilting point, and plant available water (Table 2.1). The remainder of the soil was ground 
and sieved to 2 mm and pre-incubated at 25C for a month prior to use. The pre-
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incubation was done to stabilize microbial communities and inorganic N status in the soil. 
The soil was then mixed in a cement mixer for 30 minutes to homogenize prior to mixing 
with BL for incubation. The water content was adjusted to 50% of field capacity (20% 
gravimetric water content or 36% WFPS). 
2.3.2 Broiler Litter Collection and Preparation 
The broiler litter used in this study was collected as a 20 L subsample from a 
broiler production facility in western Kentucky at the time of cleanout. This BL was 
produced from five flocks of broilers and was never de-caked. A poultry litter treatment 
(PLT) was used between every flock and there were 54 days between each flock. The 
litter was composted between every flock by piling in the middle of the house for three 
days, turning and letting stand for three days, and then leveled back out prior to bringing 
in new flocks. The feed conversion for this operation was 1.88 kg feed kg gain-1 and there 
were three to four weeks between each flock. The birds reached a final weight of 3.5 kg 
(8 lbs). The BL sample was stored at -18C until the time of use. The BL samples were 
thawed at room temperature for 12 hours and then mixed separately in a cement mixer for 
an hour to break up large pieces and homogenize the litter.  
2.3.3 Study Design 
2.3.3.1 Application Method and Nitrogen Rate Study 
A laboratory incubation study was conducted in a randomized complete block 
design using a Crider silt loam soil (Fine-silty, mixed, active, mesic Typic Paleudalfs) 
(USDA NRCS, 2011). This study utilized a singular BL source and an ammonium nitrate 
treatment as a N only control applied at 112 kg total N hectare-1 and 448 kg total N 
hectare-1 replicated four times. The amended samples were applied on the surface and 
incorporated into the soil. The amount of amendment added was calculated based on total 
N. A soil only control was also included. The sample cups were constructed using 150 g 
of dry soil. The gravimetric water content of the soil was determined by drying 
approximately 10 g of soil in the oven at 105C for 48 hours. The soil moisture content 
was adjusted to 36% WFPS (20% gravimetric water content) which is lower than the 
optimal for microbial activity (60% WFPS). This water content was used because the 
higher water content saturated the soil environment. The bulk density was adjusted to 
1.07 g cm-3 for both application methods. The amendment was applied on the soil surface 
and mixed four centimeters deep into the soil for the incorporated samples. The 
amendment was spread evenly on the soil surface and not mixed for surface applied 
samples. One set of samples were destructively sampled on each sample date at an 
interval of 1, 3, 7, 14, 28, 56, and 118 days. The first incubation day was staggered by 
one day for each block. The samples were incubated at 25C and 85% relative humidity.  
The original procedure was to water each cup once every two weeks. After 
watering the cups on incubation day 14 it was observed that the samples were too dry. 
This result was not anticipated because the samples were incubated in a high humidity 
environment. The procedure was adjusted and after day 14, the samples were watered 
every two to three days. The cups were watered by block and the watering dates were 
staggered. On the watering date, all samples from the block were watered based on target 
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weight from total cup weight after assembling the cups at the start of the incubation when 
the soil was at 36% WFPS. 
2.3.3.2 Short Term Watering and Follow Up Study 
A laboratory incubation study was conducted in a randomized complete block 
design using a Crider silt loam soil (Fine-silty, mixed, active, mesic Typic Paleudalfs) 
(USDA NRCS, 2011). The sample cups were constructed using 150 g of dry soil and BL 
treatments were amended with the same BL as in study 1. The soil moisture content was 
adjusted to 36% WFPS. The amount of amendment added was calculated based on total 
N. There was a soil only control, BL treatment, and a N only control (ammonium nitrate). 
The N control and BL were applied at 112 kg ha-1 and 448 kg ha-1. The BL amended 
samples were applied on the surface and incorporated into the soil. There were four 
replications for all treatments incubated in separate incubators. One set of samples were 
destructively sampled on each sample date at an interval of 1, 3, 7, and 14 days. The first 
incubation day was staggered by one day for each block. Samples were incubated at 25C 
and 85% relative humidity. Samples were watered every 2 days by weight. The cups were 
watered by block and the watering dates were staggered. On the watering date, all 
samples from the block were watered based on target weight from total cup weight after 
assembling the cups at the start of the incubation when the soil was at 36% WFPS. Gas 
flux data was collected from these samples on the sample date to provide data for N2O 
and CO2 production. This data was collected to provide support of our other results since 
N2O production is correlated with nitrification and CO2 production is correlated with 
overall microbial respiration. 
2.3.3.3 Long Term Watering and Follow Up Study 
A laboratory incubation study was conducted in a randomized block design using 
a Crider silt loam soil (Fine-silty, mixed, active, mesic Typic Paleudalfs) (USDA NRCS, 
2011). The sample cups were constructed using 150 g of dry soil and BL treatments were 
amended with the same BL sample as in Study 1. The soil moisture content was adjusted 
to 36% WFPS prior to incubation. The amount of amendment added was calculated based 
on total N. There was a soil only control and BL applied at one rate of 112 kg ha-1. The 
BL amended samples were applied on the surface and incorporated into the soil. A 
second set of samples was included to identify differences between watering frequency. 
One set of samples were destructively sampled at day 1 and day 56. There were four 
replications incubated in the same incubator. Samples were incubated at 20-25C and 50-
60% relative humidity. One set of samples were watered every 2 days and the low water 
samples were watered every 7 days. On the watering date, all samples were watered 
based on target weight from total cup weight after assembling the cups at the start of the 
incubation when the soil was at 36% WFPS. Gas flux data was collected from these 
samples on a weekly basis to provide data for N2O and CO2 production.  
2.3.4 Methods of Analysis 
2.3.4.1 Soil and Amended Soil 
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All soil samples prior to incubation and those after incubation were air dried at 
38⁰C and ground to pass a 2 mm screen prior to analysis. Soil pH for soil prior to 
incubation was determined by a 1:1 soil to 1 M KCl solution (m:v) and measured with a 
glass electrode (Sikora, 2014). After pH measurement, 10 ml of Sikora Buffer was added 
to the soil-solution paste and shaken for 10 minutes and pH was measured again with the 
glass electrode (Sikora, 2014).  
The pH of each sample in the incubation study was determined using a 1:1 ratio 
of sample to DI water. Soil pH was quantified using the glass electrode method (Thomas, 
1996). Phosphorus, K, Ca, Mg, and Zn were extracted by Mehlich III solution and 
analyzed by ICP (Zhang et al., 2014). Total C was determined by combustion (LECO® 
St. Joseph, MI) of 0.5 g of soil (Nelson and Sommers, 1982). Total N was determined in 
the same manner and sample as TC by measuring N2 gas emitted upon combustion. 
Cation exchange capacity and exchangeable bases were determined by the neutral 
NH4OAc method and quantified by ICP as described by Sikora et al. (2014). Water 
holding potential was determined by the pressure plate method at 33.4 KPa of pressure 
(field capacity) minus the amount of water held at 1520 KPa (wilting point) using the 
method described by Topp et al. (1993).  
Inorganic N (NH4+-N and NO3--N) was determined by 10:1 extraction with 1 M 
KCl following the procedures described by Keeney and Nelson (1982). Extracts were 
analyzed with a Lachat Quikchem 8500 Series Flow Injection Analysis System (Hach®, 
Loveland, CO). Ammonia was quantified in the filtrate using a Berthelot reaction with 
alkaline phenol and sodium hypochlorite and measuring absorbance at 630 nm 
(QuikChem Method 10-107-06-1-J). Nitrate in the filtrate was determined by reducing to 
nitrite by passing the sample through a copper-coated cadmium column. Nitrite 
concentration was determined following the Griess-Ilosvay method by diazotizing with 
sulfanilamide and N-(1-Naphthyl) ethylenediamine (NED) then measuring the 
absorbance at 520 nm (QuikChem Method 10-107-04-1-C). Phosphate was determined by 
water extraction and analyzed with a Lachat Quikchem 8500 Series Flow Injection 
Analysis System following an adaption of procedures reported by Olsen and Sommers 
(1982) for determination of water-soluble P in soils. Two grams of each sample were 
shaken with 20 ml of DI water on an Eberbach reciprocating shaker (Model E6010) on 
low (180 osc min-1) for one hour. Tubes were then centrifuged at 210 radians sec-1 for 15 
minutes. Samples were filtered on a vacuum filtration system through 0.45-micron filters. 
Phosphate concentration was determined using the ascorbic acid method (Murphy and 
Riley, 1962) and measuring absorbance at 880 nm (QuickChem Method 10-115-01-1-A). 
2.3.4.2 Broiler Litter 
The broiler litter sample was stored in a sealed container at -18⁰C prior to 
extraction. A 1 kg subsample was collected and stored at 0⁰C for 24 hours until extracted. 
Three replications were included for each analysis performed. Initial BL samples were 
analyzed at the University of Kentucky Regulatory Services for moisture content, C, N, 
P, K, Ca, Mg, Zn, Cu, Mn, and Fe. All samples were air dried at 75⁰C and ground to pass 
a 2 mm screen. A ground 2 g sample was analyzed by combustion (LECO® St. Joseph, 
MI) for C and N determination (Bremmner, 1996; Nelson and Sommers, 1982). Another 
2 g sample of ground BL was digested with a combination of HCl and H2SO4 acids and 
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the digestate was analyzed by Inductively Coupled Plasma Spectrometer (ICP) to 
determine all other nutrient concentrations (Peters, et al., 2003).  
A 1 g BL sample was extracted with 1 M KCl to determine NH4+-N and NO3--N 
as described by Wolf and Wolf (2003). Three replications were included for each BL 
sample. A 1 g sample of fresh manure was shaken with 60 ml of 1 M KCl for 30 min on 
an Eberbach reciprocating shaker (Model E6010) on low (180 osc min-1). The 
supernatant was then centrifuged for 15 minutes at 160 radians sec-1. Samples were 
removed and supernatant was filtered through a Whatman 42 filter using gravity 
filtration. Samples were diluted 1:100 with 1 M KCl. Samples were analyzed with a 
Lachat Quikchem 8500 Series Flow Injection Analysis System (Hach®, Loveland, CO). 
Ammonia and nitrate were quantified as described above for soil (QuikChem Method 10-
107-06-1-J; QuikChem Method 10-107-04-1-C). 
Phosphate was determined by water extraction and analyzed with a Lachat 
Quikchem 8500 Series Flow Injection Analysis System following an adaption of 
procedures reported by Kleinman et al., (2007) and Self-Davis and Moore (2000). 
Briefly, 1 g of BL was added to a 120 ml specimen cup with 100 mL DI H2O, shaken on 
their side at 180 osc. min-1 for one hour in a Model E6010 Eberbach reciprocating shaker 
(Eberbach Corporation, Belleville, MI). The supernatant was centrifuged at 1,500 rpm for 
15 minutes and the vacuum filtered through a 0.45-µm filter. Phosphate concentration 
was determine using the ascorbic acid method (Murphy and Riley, 1962) and measuring 
absorbance at 880 nm (QuickChem Method 10-115-01-1-A). 
2.3.4.3 Procedure for N2O and CO2 Gas Analysis 
Samples were placed in 970 mL glass canning jars. The metal seal of each jar 
contained a rubber septum to allow gas sampling. Samples sat for a minimum of one hour 
before the headspace of each jar was agitated by inserting and pumping a 5.0 mL plastic 
syringe (Becton Dickinson) three times and then withdrawing a 5.0 mL sample. The gas 
sample was stored by plunging the needle of the syringe into a rubber stopper until 
analysis. 
Nitrous oxide and CO2 were analyzed by electron capture detector (ECD) on a 
Shimadzu GC 8A gas chromatograph. The 5.0 mL gas sample was injected into a 1.0 mL 
sample loop and a total of one mL was injected onto the column. Gasses were separated 
on a 1.83 m, 0.32 cm diameter packed column containing Porapak Q 60/80 mesh (Waters 
Inc.). The detector temperature was 280 ˚C and the column temperature was 40 ˚C. Flow 
rate was 30 mL min-1 ultra-high purity N2. Integrated peak areas were compared to N2O 
and CO2 standards of known concentration to determine the N2O and CO2 generated with 
time in each container. 
Nitrous oxide and CO2 concentrations in each jar were corrected for the volume 
occupied by sample based on a particle density of 2.65 g cm-3 and the N2O and CO2 
dissolved in soil water using the calculated gravimetric water content and Bunsen 
Coefficient (0.642 at 20 ˚C). Rates were determined from the change in N2O and CO2 
area response with time relative to an ambient air sample and reported on a mass soil (air 
dry) basis. 
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2.3.5 Sampling Technique 
2.3.5.1 Application Method and Nitrogen Rate Study 
One cup from each treatment and block was removed on each sample date. The 
cup was weighed, the lid was placed on, and taken to the lab for processing. When 
samples couldn’t be processed immediately, they were stored at 0C for less than 48 
hours until processing could occur. The samples were mixed, poured onto molded fiber 
trays, and a 10 g subsample was removed for gravimetric water content analysis. The rest 
of the sample on the tray was air-dried at 38C for 24-48 hours until the sample remained 
at a constant weight. The air-dried samples were ground with a mortar and pestle and 
sieved to 2 mm. A 10 g subsample was removed and placed into a 120 ml specimen cup 
for KCl extraction. If the subsample was not extracted immediately, it was placed in the 
refrigerator to preserve inorganic N at 0C for no more than 48 hours until extracted. The 
remainder of the air-dried sample was stored in the original sample cup at room 
temperature until analysis for phosphate, pH, total C, total N, and Mehlich III extraction 
could be carried out.  
2.3.5.2 Short Term Watering Follow Up Study 
Gas flux data was collected from these samples on the sample date prior to all 
other analysis to provide data for N2O and CO2 production. Once samples were removed, 
they were analyzed for N2O and CO2 production. Then samples were processed using the 
same procedures as described for study 1.  
2.3.5.3 Long Term Watering Follow Up Study 
Gas flux data was collected from these samples on a weekly basis to provide data 
for N2O and CO2 production during the 56-day incubation. Samples were removed and 
taken to the soil microbiology lab for gas analysis then returned to the incubator. On day 
1 and 56 samples were removed and processed using the same procedures as described 
for study 1.  
2.3.6 Statistical Analysis 
2.3.6.1 Application Method and Nitrogen Rate Study 
The R Project for Statistical Computing was used for the statistical analysis for 
this project (R Core Team, 2019). The model was developed by observing the shape of 
the curve produced when plotting the results of the samples with time (0-118 days). A 
linear mixed model was fit to the data by REML (Restricted (residual) maximum 
likelihood estimation method). The sample date was squared in the model because the 
data reflected a quadratic trend with time. The main effects were N source, rate, and 
application method by sample date and sample date squared. The random effects were the 
block and the sample date. This is to account for any differences due to blocking or 
differences at each sample date. Sample date was a random effect because a separate 
sample was analyzed for each date due to destructive sampling. The soil control and N 
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control were compared to the treatments and an alpha of 0.1 was used to determine 
significance. 
2.3.6.2 Comparison of Application Method and Nitrogen Rate Study and Short-Term 
Watering Follow Up Study 
Models were developed to compare the water content differences between the 
application method and N rate study and the long-term watering follow up study (high 
watering frequency vs low watering frequency). A linear mixed model was fit to the data 
by REML.The shape of each individual result determined if the model fit was linear, 
quadratic, or cubic. When running the full model there was a significant difference 
between the source (N control or BL). The model was then split into two models for each 
N source. The soil only control was included as a zero-rate treatment in each model. The 
main effects for the BL model were moisture, application method, and rate by sample 
date (sample date squared or cubed depending on the result). The random effects were 
block, study, and sample date. This is to account for any differences due to blocking, 
differences at each sample date, or differences between studies. An alpha of 0.1 was used 
to determine significance. 
2.4 Results and Discussion 
 The results from the long-term watering follow up study are not presented due to 
no significant differences between watering frequency for gas analysis or nutrient 
content. The incubation environment utilized in this study did not allow for the same 
evaporation potential as in the application method and N rate study. No significant results 
were present in this study. The watering results focus on differences between the short-
term watering follow up study (high water, every 2 to 3 days) and the application method 
and N rate study (low water, no water additions until day 14). 
2.4.1 Total Inorganic Nitrogen 
All treatments had a significant amount of inorganic N present (p < 0.01). There 
was a significant interaction between N source and N rate (p < 0.001). This interaction 
produced significantly different intercepts for each source by rate combination (Figure 
2.1). The BL high rate treatments, BL low rate treatments, N control high rate treatments, 
N control low rate treatments, and the soil only control were significantly different from 
each other (p < 0.01) (Table 2.3). The differences between rates were expected because 
the amendments were applied at a 112 kg total N ha-1 rate and a rate four times that at 
448 kg total N ha-1. Broiler litter consists of a high percentage organic N that must be 
mineralized to the inorganic form with time. The difference between the amendment 
types was observed because all the N in the ammonium nitrate N control was in the 
inorganic form. The interaction persisted as a result of the N control samples not 
increasing as much as the BL treatments. The BL treatments started out low and over 
time increased at a higher rate than the N control. At the higher rate the BL treatment 
mineralized more inorganic N leading to the interaction between rate and source.  
The N only control was included as a check to see how N was released and 
transformed with time. This was not designed to test differences between inorganic 
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fertilizers and manures. The soil only control was significantly lower than all the N 
amended samples because it contained only the inorganic N in the soil itself prior to any 
amendment addition.  
There were significant interactions between the rate of N mineralization, for 
source by rate, amendment by application method, and rate by source by application 
method (p<0.1). The high rate BL treatments mineralized faster than the low rate BL 
treatments (p=0.0589, Figure 2.1). Up to 80% of the total N in poultry litter is in the form 
of urea and uric acid (Kelleher et al., 2002; Nahm, 2003). These forms of N are readily 
mineralizable and so at the high rate there was a larger pool of readily mineralizable N 
(urea and uric acid) causing the N mineralization rate to be quicker for the high rate BL 
treatment. 
The rate of N mineralization for the incorporated BL treatment was significantly 
higher than the surface applied treatment at a high rate (p<0.01). There was no difference 
between the application methods in the low rate BL treatments. The difference between 
application methods is partially due to the populations of ammonia-oxidizing bacteria and 
nitrite-oxidizing bacteria having greater contact and access to the N in the BL. Only the 
microorganisms in the soil surface had access to the BL in the surface applied samples. 
Incorporating BL effectively increased the surface area and influence of microorganisms 
responsible for N mineralization and nitrification. The BL in the incorporated sample was 
spread throughout the soil providing more microbial access to the N. There was more N 
available for mineralization than microorganism accessible to mineralize it, reducing the 
rate of mineralization in the surface applied samples. There were more microorganisms 
with access to the N in the incorporated samples causing a higher rate of mineralization. 
The difference between application methods was significant in the high rate samples but 
not in the low rate samples. The incorporated samples were slightly higher at the low rate 
but not enough to be significant (Figure 2.1). At the low rate there were enough 
microorganisms present in the surface of the soil to mineralize the applied N in the 
surface applied treatments. This led to no difference between application methods at the 
low rate (Figure 2.1). The results show that the difference between application method is 
significant at the higher rate of applied N but not at the low rate of applied N. 
The inorganic N didn’t increase quickly in the beginning due to low water content 
for the first 14 days. The water content was adjusted after day 14 and is why much of the 
inorganic N was mineralized after day 14 (Figure 2.1). In this study, the N mineralization 
rates did not slow down in the high rate samples but did in the low rate BL samples. 
Typically, N mineralization rates slow down after 60-80 days of incubation time. The N 
mineralization rates plateaued around day 60 for treatments amended with BL and 
ammonium nitrate in the bedding material study discussed in chapter 3. Agehara et al. 
(2005) found that BL showed slow N release with a plateau at week 8 to 12 (day 56-84). 
Because the samples in this study did not start mineralizing considerable N until day 28, 
it is predicted that the plateau in N mineralization rates would occur around day 90 to day 
118. It is expected that if the incubation would have continued past day 118, the N 
mineralization rate would slow down considerably as most all the readily mineralizable N 
would have been utilized. 
2.4.1.1 Water Content 
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A 14-day follow-up study was conducted to determine the influence of increased 
watering frequency on mineralization rate utilizing the same treatments as the study 
investigating application method and rate. A follow up study was conducted with more 
frequent watering with 14 days with the same treatments as the application method and 
rate study. A cubic response was observed at the high watering frequency (Figure 2.2). 
The cubic coefficient was present due to slow mineralization initially followed by rapid 
mineralization that plateaued after the easily mineralizable N was consumed. There was a 
significant interaction of rate by source for the BL and N control treatments (p<0.0001). 
This interaction persisted as a result of the N control treatments starting out at a higher 
inorganic N content and the BL amended treatments releasing inorganic N at a higher 
rate. The model was split by N source into models for BL amended samples and 
ammonium nitrate N control treatments. There were significant cubic and quadratic 
coefficients for the BL model (p<0.1). The water content influenced the cubic coefficient 
(p=0.04995). The lower water content did not follow a cubic pattern while the high-water 
content had a significant cubic coefficient (Figure 2.2). The lower water content had a 
more constant rate because of low microbial activity. The high-water content followed 
the three stages of mineralization as outlined by Gale and Gilmour (1986). The study 
determined that there are three phases of decomposition for BL: rapid, intermediate, and 
slow. The same pattern is seen in the high-water treatments where the N mineralization 
rate is in the rapid stage from days 3-7 before slowing to intermediate rate from days 7-
14. It is predicted that the BL samples would reach the slower rate of mineralization after 
day 14. The incorporated samples had a stronger cubic form than the surface applied 
samples (p<0.1 Figure 2.2). The difference in the shape of the curve can be attributed to 
quicker rates of N mineralization and running out of labile N quicker in the incorporated 
samples since there was greater microbial activity.  
 The N control samples followed a quadratic function (p<0.01). The rate 
influenced the linear coefficient meaning the high N rate N control samples had a steeper 
slope than the control or low N rate treatments (Figure 2.3). Microbial activity increased 
due to added inorganic N further stimulating microbial activity. The N rate influenced the 
quadratic because at the high N rate there was a stronger quadratic shape in the high 
water content samples (p<0.1). At the high watering rate and the high N application rate 
N mineralization started out slow before increasing to a high mineralization rate before 
plateauing as most of the readily mineralizable N was consumed.  
The high-water regime resulted in higher inorganic N content in all treatments 
except for the surface applied high rate BL treatment (Figure 2.2). The primary reason for 
the lack of difference is that at the high N rate when it was surface applied there was not 
enough soil to BL contact for the microorganisms in the soil to have adequate access to 
the BL. It is possible that the high BL rate provided sufficient surface cover to reduce the 
same evaporative losses as resulted with the low BL application rate. The resulting water 
content could reduce the differences observed for inorganic N. Surface applied BL at low 
rates did not hold water like the high rate BL treatment because at the low rate the 
coverage was not enough to influence the water content. When applied at the low rate the 
amount of N on top of the soil was likely not in excess as in the high rate sample and so 
the application method was not as influential.  
The samples in this study reached a water content low enough to reduce the 
efficiency and activity of the microorganisms responsible for N mineralization around 
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day 5. Differences in inorganic N content started to occur at day 7 in the follow up study 
when higher water content was maintained. The differences in inorganic N content were 
consistent after day 7 indicating that the water content in the first study was low enough 
to inhibit the microorganisms responsible for mineralization. The inorganic N content at 
day 14 was higher across all high-water content treatments (p<0.1). The differences 
observed are supported with research evaluating the optimal water content for microbial 
activity and how it changes across water content. Soil water has been found to regulate 
oxygen diffusion in soil with maximum aerobic microbial activity occurring at soil water 
levels between 50 and 70% of water holding capacity (Linn and Doran, 1984; 
Franzluebbers, 1999). Research shows that low soil water content inhibits microbial 
activity by reducing diffusion of soluble substrates (Griffin, 1981), microbial mobility 
(Killham et al., 1993) and intracellular water potential (Stark and Firestone, 1995). The 
results of these two studies support the finding that the microorganisms responsible for N 
mineralization are very sensitive to low water content. 
2.4.2 Nitrate 
The initial NO3--N content was highest in the N controls. The high and low rate N 
control treatments were initially higher than both rates of BL samples (p<0.01). The 
incorporated BL high rate surpassed the low N control on day 28, and the surface applied 
treatment had a higher NO3--N content than the low rate N control after day 56 (Figure 
2.4). The N control was expected to be the highest because initially half of the inorganic 
N was present as NO3--N. The BL amended samples had little NO3--N initially as most of 
the inorganic N was in the NH4+-N form that was subsequently nitrified. The BL samples 
initially only had approximately 3% of the inorganic N applied in the form of NO3--N 
(Table 2.2). The high initial NH4+-N content combined with more N mineralization 
resulted in a significantly different rate of nitrification for the BL treatments (p=0.0226). 
The increased rate of mineralization in BL amended treatments was due to the added C 
and organic N providing substrate for the mineralizing microorganisms to consume.   
The application method influenced the initial NO3--N content of the samples 
(p=0.0187). The incorporated samples started with an average of 3 mg kg-1 more NO3--N 
than the surface applied samples did. This difference is likely due to the microorganisms 
having more access to the amendment resulting in quicker initial nitrification. In the 
surface applied treatments, it took longer for the microorganisms to begin nitrifying the 
NH4+-N in the samples and it likely proceeded at a slower rate due to less soil contact. 
There was a significant rate by N source interaction for the initial NO3--N content of the 
samples. The interaction is due to the N control samples having significantly different 
starting concentrations while the BL samples did not have significantly different 
concentrations. Because the BL had a low concentration of NO3--N, there was very little 
difference between the high and low rate. After the NH4+-N started to nitrify, the high 
rate BL had a faster rate of nitrification due to the higher NH4+-N content. The NH4+-N 
content of the BL rates was significantly different as was the rate of decline in NH4+-N 
content with the incubation (Figure 2.7). There was a significant interaction for rate by N 
source for the rate of nitrification. The high rate BL treatments increased faster than the 
low rate samples and had a significantly higher concentration at day 118 (Figure 2.4).  
No water was added to the samples until day 14. After day 14 the samples were 
watered every 2-3 days. The changes in the NO3--N content are reflected by the change in 
 
 24 
water content at day 14. The BL treatments, low rate N control and soil control have no 
increase in NO3--N from day 3-7 and increase drastically on day 14. Day 14 is when the 
frequent water additions began resulting in higher water content. The microbial activity 
was stimulated by the water additions as seen with the increased the rates of both N 
mineralization and nitrification. This is supported by the decline in pH after day 14. An 
increase in nitrification would lead to an increase of H+ being released into the soil 
causing the pH to decline.  
2.4.2.1 Water Content 
The low water treatment was from the rate and application method study and the 
high-water samples were from the follow up short term watering study with more 
frequent watering. The BL and N control samples for both watering systems were fit to a 
cubic model due to the sigmoidal shape of the NO3--N content. The water content 
influenced the quadratic and cubic coefficients of the BL samples (p<0.1). The cubic and 
quadratic shapes were stronger at the higher water content signifying a slow rate of 
nitrification increase followed by steep increase before the rate slowed down (Figure 2.5). 
This shape was produced by stimulation of microbial activity with the first few days as 
the microorganisms began nitrifying the NH4+-N in the samples. Once the easily 
mineralizable organic N and the NH4+-N applied in the samples were nitrified the rate of 
nitrification decreased. At the low watering rate, the shape was more linear (Figures 2.5 
and 2.6). This lack of change in the NO3--N content is due to the decreased microbial 
activity resulting in little to no nitrification after day 7. The water content influenced the 
quadratic and cubic coefficients in the N control samples in the same way by producing a 
sigmoidal curve as the nitrification rates changed with the incubation for the high-water 
content and a more linear shape for the low water treatments (p<0.1).  
The water content of the samples dropped by day 7 to a level below optimal for 
microbial activity as no change in NO3--N between day 7 and 14 for study 1 with the low 
water content was observed (Figure 2.5). The NO3--N content increased from day 3 to 14 
with the high-water content (Figures 2.5 and 2.6). The processes driving the increase in 
NO3--N are nitrification of the NH4+-N initially present in the samples and nitrification of 
NH4+-N produced from N mineralization. Both processes are microbially mediated and 
require a water content of 50-70% of water holding capacity for optimal microbial 
activity (Linn and Doran, 1984). Low soil water inhibits activity of nitrifying bacteria by 
reducing substrate diffusion and intracellular water potential. Urease is very influential in 
the N mineralization process and urease activity is generally highest near field capacity 
and declines as soil water decreases (Vlek and Carter, 1983; Sahrawat, 1984). The results 
reveal that nitrification was inhibited by low water content because there was no increase 
in NO3--N after day 7 in study 1. Our results and other studies support the suspicion that 
the water content influenced our results. The water content during the first 14 days of the 
rate and application method study was limiting mineralization and nitrification. Adequate 
moisture is clearly crucial in the breakdown of BL and availability of N. Results show 
that only a week of dry conditions will slow the activity of nitrifying organisms. 
Nitrifying microorganisms are autotrophs consisting of bacteria and archaea. Nitrification 
is sensitive to heat, acidity, and aeration but maximum nitrification is reduced when 
optimal conditions are not present. The nitrification process requires 4 moles of O2 for 2 
moles of NH4+-N to be transformed. Nitrification is inhibited by saturated conditions and 
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by low moisture content. Microorganisms need water to grow and respire effectively. It is 
important to recognize the conditions that allow for maximum microbial activity so that 
nutrients from the BL can be used efficiently. The low efficiency of nitrifying 
microorganisms can be beneficial to producers who fall apply BL. Less NH4+-N will be 
transformed to NO3--N if there are dry conditions with the winter months. It is less likely 
that NH4+-N will be lost from the soil than NO3--N which is easily leached when rain 
events do occur. The bigger factor in limiting mineralization over the winter is the 
temperature but water content also influences it.  
2.4.3 Ammonium 
The high rate treatments received four times as much N as the low rate treatments 
(118 kg ha-1 vs. 448 kg ha-1). There was a significant interaction between the N source 
and N rate (p=0.0292). The high rate BL and N control treatments had significantly 
higher NH4+-N content than the other treatments (p<0.0001). The N control had a higher 
NH4+-N content than the BL treatments (Figure 2.7). This was due to the ammonium 
nitrate control beginning with half of the N in the N control being in the form of NH4+-N. 
The results show that BL had almost all of the inorganic N in the form of NH4+-N in the 
beginning (Figure 2.7) and by day 118 almost all the inorganic N had been nitrified to 
NO3--N (Figure 2.4). The initial litter content shows that 97% of the inorganic N was in 
the form of NH4+-N (Table 2.2). The pH values for the samples support this because there 
was a decrease resulting from increased nitrification of the NH4+-N in the samples 
(Figure 2.10).  
The rate of N applied influenced the pool of NH4+-N. The pool of NH4+-N 
represents the net effect of ammonification, nitrification, and volatilization. One of the 
processes occurring is the conversion of NH4+-N to NO3--N for the BL samples which 
accounts for most of the loss of NH4+-N in the system. The high rate BL treatments 
converted NH4+-N quicker than the low rate samples. The higher NH4+-N content of the 
samples explains the increased losses. The soil only control produced little to no NH4+-N 
with the incubation period resulting in no significant linear coefficient (p =0.9998). There 
was an interaction between rate and application method (p=0.00586). Surface applied 
samples had a higher initial NH4+-N until day 56 when incorporated samples had a higher 
NH4+-N content (Figure 2.7). At the high rate the N control samples had an interaction 
between the application method. The surface applied samples had a higher NH4+-N 
content until day 56. After day 56 the incorporated samples had a higher NH4+-N content. 
The difference in NH4+-N between application method is explained by the greater 
nitrification rate of the incorporated samples and nitrification starting at a quicker rate. 
The difference is supported by the results for NO3--N because the NO3--N content was 
higher for incorporated samples at the beginning of the incubation (Figure 2.4). The 
incorporated samples had higher BL to soil contact which increased the availability of the 
nutrients to the microorganisms in the soil resulting in higher nitrification rates. The 
increased availability of the nutrients in the BL can be seen in Figure 2.7 where the 
NH4+-N content of the incorporated samples was lower which is supported by a rate by 
application method by N source interaction (p=0.049) and a N source by application 
method interaction (p=0.0439) for the rate of NH4+-N decline.  
 When the incorporated samples had more NH4+-N than the surface applied 
samples it was due to higher mineralization rates resulting in more NH4+-N in the 
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samples. This is supported by a higher NO3--N content of incorporated samples once the 
NH4+-N was nitrified (Figure 2.4). The application method influenced the concentration 
of NH4+-N in the BL amended samples but not in the N control samples. The high N rate 
also produced a bigger difference in application method. The increased difference can be 
attributed to the larger pool of NH4+-N with little contact with the soil. The incorporated 
N control samples still had 12 mg kg-1 NH4+-N while the other samples had none at day 
118. The N control incorporated sample would have declined to zero if allowed to 
continue incubating according to the slope of the line and the trends of NH4+-N loss. The 
results indicate that the application method influences the NH4+-N content of the soil and 
that incorporating BL results in quicker nitrification rates and mineralization rates. When 
incorporating the BL into the soil producers can expect more inorganic N to be available 
sooner while surface applying BL may result in a delay in nitrification and 
mineralization. This is beneficial to producers applying BL in the fall because it is 
beneficial for the inorganic N to remain in the NH4+-N form for as long as possible 
following application to minimize losses. However, this source of loss is outweighed by 
the many benefits to incorporating BL. In field trials it has been found that higher yields 
were obtained when BL was applied through subsurface application or incorporation 
(Webb et al., 2005; Tewolde et al, 2009; Pote and Meisinger, 2014; Simmons et al., 
2016). The losses that occur with surface application are much greater than the small 
benefit that the decreased nitrification induces. 
2.4.3.1 Water Content 
The NH4+-N content from the application method and rate study (low water) and 
the follow up short term watering study (high water) were fit to a quadratic model with 
days 1 to 14. The quadratic function was due to the NH4+-N content decreasing at a 
decreasing rate with time in the low water samples (Figure 2.8). The water content 
influenced the quadratic coefficients (p=0.003) producing a linear decline in NH4+-N for 
the high water treatments and decreasing declining rate for the low water content 
treatments. Nitrification rates slowed at the lower water content (p=0.0002) and 
nitrification increased at a consistent rate with the higher water content (p<0.0001) 
(Figure 2.8). Nitrification was limited due to the water content not being sufficient to 
maintain microbial activity. The high-water content treatments were more linear because 
nitrification was taking place at a fairly constant rate. There was an interaction between 
application method and water content for the rate of decrease of NH4+-N (p=0.0334) and 
for the quadratic coefficient (p=0.035). The application methods were significantly 
different at the high-water content but not at the low water content (Figure 2.8). When at 
a low water content there was no nitrification was occurring in either application method, 
but differences in nitrification arose between the application methods in the high-water 
treatment where nitrification was allowed to progress. The N control treatments showed a 
significant linear decline with time at a constant rate. The slope for the high-water 
content samples was more negative signifying a quicker decline in NH4+-N, as expected, 
because nitrification was not inhibited by water content. 
The rate of NH4+-N loss is directly related to the rate of nitrification. Nitrification 
was inhibited in the first 14 days due to low water content. In study 1 where water was 
limiting microbial activity there was no decrease in NH4+-N from day 7 to 14. Water was 
added at day 14 and the influence of the water addition is visible at day 28 (Figure 2.7). 
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The samples were still declining from day 56 to 84. It is predicted that this decline would 
continue in a linear fashion until all inorganic N was mineralized and nitrified if allowed 
to incubate longer. Typically, most NH4+-N is transformed by 28 days and then any 
NH4+-N produced from mineralization is immediately converted to NO3--N as seen in the 
bedding material section of this paper. Because the nitrification of NH4+-N was inhibited 
from day 7 to day 14 the NH4+-N  leveled out at a later time than it would have if the dry 
period had not occurred. When adequate water was present, the NH4+-N content declined 
significantly quicker compared to the water limited environment (Figures 2.8 and 2.9). 
The results from the follow-up short term water study with adequate water provide data 
support that the low water content did reduce the NH4+-N content from day 1 to day 28 
(Figures 2.8 and 2.9). These results support the well-researched conclusion that water is 
vital to microbial growth and activity.  
2.4.4 pH 
There were significant differences between each source and rate combination for 
the initial pH of the samples. The N control high, N control low, BL high, BL low, and 
soil control were all significantly different from each other initially at day 1 (p<0.01). 
The differences observed were likely due to added salts to the system and a liming effect 
from the BL additions. The high Ca content of the BL samples likely increased the pH of 
the BL treatments. Salts could displace H+ and decrease the soil pH for the N control 
samples. The pH decreased across all treatments primarily due to nitrification and the 
salts displacing H+. The influence of water content can be seen by comparing days 1, 3, 7, 
and 14 to days 28, 56, and 118 (Figure 2.10). The application method influenced the 
initial pH of the samples (p=0.0879) but had no effect on the change in pH with time 
(p=0.504). The pH initially declined across all treatments but slowed until day 14 when 
more water was added. This water addition caused microbial activity that increased 
nitrification rates which increased the amount of H+ released into the soil solution. The 
high rate decreased to a pH lower than the low rate BL samples around day 56. The 
eventual sharp decline is caused by more nitrification because more NH4+-N is produced 
due to the higher rate of N application. The high rate of N results in more nitrification 
explaining the significant interaction between amendment by rate for the decline in pH 
that occurred primarily prior to day 56 (p=0.0007). The rate of decline in pH was quicker 
for the high rate samples within the N source of BL or N control (ammonium nitrate). 
2.4.4.1 Water Content 
The model fit to compare the BL samples in the rate and application method study 
(low water) and the follow up short term watering study (high water) with days 1 to 14 
was cubic in shape (Figure 2.2). The water content had a significant influence on the rate 
of decline in pH. The low water content samples displayed a significant quadratic shape 
(p=0.0196) that eventually turned into a slight cubic shape (p=0.0601) while the high-
water content samples declined at a steady rate. The low water content samples displayed 
a strong quadratic trend because the pH declined quickly in the beginning but slowed as 
the samples lost more water and limited nitrification which was the main driver of pH 
decrease. The low water content samples were decreasing at a decreasing rate producing 
the cubic and quadratic shapes. Soil pH was similar for days one and three but after day 
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three the treatments receiving water every two days declined significantly more than the 
low water treatments. The low water treatments remained at a constant pH from day 7 to 
day 14 while the high-water treatments continued to decline. The high-water content 
samples displayed a less quadratic and more linear trend because the pH declined at a 
constant rate (Figure 2.11). The N control samples were fit to a quadratic model and the 
low water samples had a higher quadratic coefficient (Figure 2.3). There was an 
interaction for soil pH between rate and water content (p=0.0596). At a higher rate there 
was a greater difference in soil pH between the high and low water content treatments 
(Figure 2.12). These results support the assumption that the pH change is driven 
primarily by nitrification. Nitrification was inhibited during this time period (Figure 2.5 
and 2.8) and pH decline was halted until after the samples received water additions and 
nitrification occurred (Figure 2.10).  
2.4.5 CO2 and N2O Gas Analysis 
The release of CO2-C was measured at each sample date for the follow up study 
1a. The CO2-C release from the soil environment is a general measure of microbial 
respiration signifying microbial activity. The C in the soil and in the BL added were 
actively being consumed by microorganisms in the soil that released CO2-C. The results 
of the gas analysis show that the soil was active during the incubations (Figure 2.15). The 
rate of CO2-C production declined from day 3 to day 14. The CO2-C production at day 7 
in relation to days 3 and 14 was different depending on which treatment was observed. 
The high rate BL samples showed an interaction of application method. The incorporated 
samples had a higher rate of CO2-C release at day 3 and it declined to 7. The surface 
applied samples rate of CO2-C release increased from day 3 to 7. This difference is likely 
due to the location of the BL providing ample access to microorganisms in the 
incorporated samples. In the surface applied samples, the microorganisms did not have as 
great of contact with the BL. The incorporated samples started out at a higher rate and 
then declined by day 7 as a result of running low on substrate. The surface applied 
samples took longer to access the C pools in the BL and so the decline in CO2-C 
production was delayed until after day 7. At day 14 all treatments had run out of easily 
accessible substrate signified by a low rate of CO2-C production (Figure 2.14). The CO2-
C production fit the data for NO3--N production indicating that as the microbial activity 
increased so did the nitrification rates in our samples (Figures 2.14 and 12.5).  
The amount of N2O-N produced is directly proportional to the amount of NH4+-N 
lost during nitrification. Nitrification takes place in two steps mediated by Nitrosomonas 
in the first step and Nitrobacter in the second step. The N2O-N measured is released in 
the first step because some of the ammonium is transformed to N2O-N. As time 
progressed there was less N2O-N produced indicating that there was a decline in 
nitrification rates. This is supported by an increase of NO3--N and a decrease of NH4+-N 
with time (Figures 2.13 and 2.14). The N2O-N didn’t increase with time which supports 
the conclusion that the N2O-N produced did not come from denitrification but 
nitrification. The soil environment for this experiment was aerobic not anaerobic which 
means there is a low likelihood of denitrification occurring. The microorganisms were 
depleting substrate (NH4+-N) causing the nitrification rates to slow down with the 14-day 
period. This indicates that the window for litter providing N2O-N is relatively brief as 
most of the NH4+-N is transformed to NO3--N within the first two weeks.  
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The gas analysis data supports our conclusion that from day 1 to day 7 high rates 
of nitrification were occurring due to the NH4+-N in the BL being utilized and the NH4+-
N mineralized from the BL organic N pool also being converted as it was mineralized 
and then from day 7 to day 14 nitrification rates declined as NH4+-N was depleted except 
for the release of NH4+-N as it was mineralized. By day 14 the readily available pools of 
organic N had been utilized and the more stable, difficult to mineralize sources of 
inorganic N, were being mineralized at a much slower rate resulting in a slower rate of 
nitrification. Initially the BL decomposes via heterotrophic bacteria but with time the BL 
would decompose via fungi and actinomycetes (Coyne, M., Personal Contact, 2019). 
Initially nitrifiers are bacteria but with time nitrifiers shift to archaea which have a slower 
activity rate. The shift in the microorganisms with time influences the rates of the 
microbially mediated processes.  
Higher overall microbial activity and nitrification rates occurred at the higher BL 
application rate (Figure 2.15 and 2.16). This is supported by the increase in total 
inorganic N, decline in pH, decline in NH4+-N, and increase of NO3--N for the high rate 
treatments in comparison to the low rate treatments. The soil only control and N control 
had less C available and produced less CO2-C and N2O-N than the BL amended samples. 
The BL contained 246.9 g total C kg BL-1 and resulted in a greater C pool for the BL 
amended soils. (Table 2.2). This leads to the conclusion that the microbial processes 
taking place were primarily C limited not N limited. Nitrification was still occurring in 
the N control samples because half of the total N applied was in the form of NH4+-N and 
was subsequently nitrified to NO3--N. However, the nitrification rates were greater for BL 
amended samples with the entire incubation because the mineralization from BL occurred 
slower but longer than in the N control samples.  
The rate of nitrification was higher for the BL amended samples as supported by 
the N2O-N production (Figure 2.14) and the shape of the NO3--N production with time. 
The high rate BL samples had higher N2O-N production rates than the low rate because 
there was a larger pool of NH4+-N available. About 97% of the total inorganic N in BL 
was in the form of NH4+-N prior to the incubation (Table 2.2), while the N control 
(ammonium nitrate) contained half of the inorganic N as NH4+-N. A larger pool of NH4+-
N leads to higher nitrification rates. The BL added C which increased the rates and 
stimulated higher microbial activity that can be seen from the CO2 production in the BL 
amended samples. The addition of BL introduced more microorganisms that helped 
contribute to the increased microbial activity. 
2.4.6 Phosphate 
The BL amended samples had a significantly higher amount of phosphate present 
due to the high phosphate content of the BL (3.86 g kg-1, Table 2.2). The N control 
samples and soil control received no additional phosphate above that present in the soil 
initially and resulted in significantly less phosphate in the sample (p =0.00021). The N 
control and soil only controls were not significantly different from each other (p=0.831). 
The high rate BL samples had a significant negative slope indicating transformations of 
phosphate (p<0.01). It is likely that phosphorus was adsorbed to the soil colloids leading 
to a decline in phosphate. The high rate BL samples had a significantly higher phosphate 
content than the low rate BL samples (p<0.01) (Figure 2.17). There was a significant 
interaction between the N source, rate, and application method for the initial phosphate 
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content (p=0.0128). There was a significant interaction between rate and N source for the 
change in concentration with time (p=0.0498). These interactions were a result of the BL 
having higher phosphate content, the high rate containing more phosphate than the low 
rate treatments for BL, and the high rate BL having a significant difference between 
application method. Surface application of BL resulted in significantly more phosphate 
present than incorporated samples at the high application rate (p<0.01). However, this 
was not true at the low BL application rate, only at the high rate. The surface applied high 
rate BL samples had a higher phosphate content than the incorporated samples (Figure 
2.17). More phosphate was adsorbed to the soil surface in the incorporated samples due 
to greater soil to BL contact. The surface applied samples had minimal contact with the 
soil resulting in less P adsorbing to the soil surface and less fixation. 
2.4.7 Mehlich III Phosphorus 
The Mehlich III P content of the N control samples were similar to the soil only 
control (p>0.1). The BL amended samples contained significantly more Mehlich III P 
than the N control and soil control samples (p<0.01). Treatments receiving the high rate 
of BL contained significantly more Mehlich III P than samples receiving the low rate of 
BL (p<0.01). Mehlich III P decreased with the 84 day incubation period (Table 2.4). This 
decline may be attributed to soil fixation of P and incorporation into microbial biomass 
2.4.8 Mehlich III Potassium, Magnesium, and Zinc 
The results for Mehlich III K, Mg, and Zn followed the same trends as P. The BL 
treatments had significantly more Mehlich III K, Mg, and Zn than the N control 
treatments and the soil control (p<0.01). The N control treatments and soil control were 
not significantly different from each other (p>0.1) There were no significant differences 
for the application method used for any of the treatments (p>0.1).  
2.4.9 Mehlich III Calcium 
There were no significant differences between any of the treatments for Mehlich 
III Ca (p>0.1). All treatments were significantly different from zero (p>0.01). No 
treatment had a significant slope with the 118-day incubation period (p>0.1).  
2.4.10 Total Carbon 
The total C content of the high BL samples was significantly different from all 
other treatments (p<0.01). The total C content of the soil control, N control treatments, 
and low BL rate treatments were not significantly different (p>0.1). The BL used in the 
incubation had a total C content of 246 g kg-1 litter (Table 2.2). The high application rate 
of BL resulted in the greatest total C content of all treatments.  
2.4.11 Total Nitrogen 
There were no significant trends for total N for the 118-day incubation period 
(p>0.1). The total N content of the high BL surface applied sample was significantly 
different than all other treatments except for the high BL incorporated sample (p<0.1). 
The difference probably had no biological significance with <0.1 mg kg-1 difference. The 
application rate for the treatments was based on total N however between the high and 
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low rates there was not a significant difference across treatments (p>0.1). The pool of 
total N consists of organic N and inorganic N. There is a large pool of organic N in the 
soil prior to addition of an amendment and creates less of a change in total N with this 
addition compared to the 0.11 mg kg-1 total N present in the soil only control.  
2.5 Conclusions 
It is important to keep in mind the optimal conditions for microbial activity when 
applying BL as a nutrient source. This has important implications for those applying BL 
in the fall. In climates where it is dry or cold in the winter, fall application is feasible 
because microbial activity is greatly reduced. Most of the N will remain in organic form 
and NH4+-N which are not easily lost from the system until conditions are suitable for 
microbial activity to induce mineralization and nitrification. In climates where it is wet 
and mild in the winter it is important to understand that most N will be converted to NO3-
-N which is easily leached or denitrified,  leading to major N losses from the system. 
These findings are also important for producers applying BL in the spring in dry weather 
conditions. Timing of BL application relative to planting date can influence BL 
availability and should be considered when making N management decisions. Our results 
indicate that just a week of dry conditions will delay mineralization and should be 
considered when applying BL and expecting it to provide N. 
The application method influences the nutrient availability, especially at higher 
rates of N application. There were even greater differences between the application 
methods when the conditions for microbial activity were optimized by increasing the 
water content. The difference between application methods is partially due to the 
populations of microorganisms having greater contact and access to the N in the BL. 
Only the microorganisms in the soil surface had access to the BL in the surface applied 
samples. The BL in the incorporated samples was surrounded by soil and the 
microorganisms responsible for N mineralization and nitrification, effectively increasing 
the accessible surface area of the BL. There was more N to be mineralized than 
microorganism available to mineralize it causing a lower rate of mineralization in the 
surface applied samples. There were more microorganisms with access to the N in the 
incorporated samples causing a higher rate of mineralization. The results from the gas 
analysis indicate that the surface applied samples took longer to reach optimal activity. 
This is due to less access to the C and N sources delaying microbial consumption of these 
substrates. It is important to take into account that ammonia volatilization is much more 
likely with surface application in addition to the slower rates of mineralization. There is 
also a potential to lose BL and nutrients from the cropping systems when applied on a 
slope and then water movement occurs. This is especially true if applied in the fall with 
no cover crop because the BL will be there 5-6 months before a crop is growing in the 
soil to take up any nutrients. If there is excessive precipitation or intense rain events this 
can lead to increased losses when BL is surface applied. Producers should take these 
potential losses associated with application method into consideration when deciding how 
to apply BL. Subsurface application and broadcast will allow less opportunity for nutrient 
losses.   
  The BL treatments increased overall microbial activity and provide value to the 
soil environment by increasing C content. This influences the overall microbial activity 
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by enabling previously C limited process to resume with the new pool of C from BL 
application. Applying BL adds value to the soil over N fertilizers by providing not only 
N, but P, K, C, organic matter, and other nutrients to the soil. This added value of BL 
additions should encourage producers to apply BL to improve soil health by increasing 
microbial activity.  
2.6 Tables and Figures 
2.6.1 Tables 
Table 2.1. Selected soil properties for the soil prior to the incubation (after pre-
incubation). The Crider silt loam soil was collected from Princeton, KY. All results 
except for inorganic N (NO3--N and NH4+-N) were reported by the University of 
Kentucky Regulatory Services.  
 
Soil properties, dry weight basis 
USDA texture classification Silt loam 
Soil Organic Matter, g kg-1 20.2 
pH, 1:1 soil/water 6.24 
Buffer pH 7.01 
Total N, g kg-1 1.30 
Total C, g kg-1 10.40 
C:N Ratio 8.0 
NH4+-N, mg kg-1 1.33 
NO3--N, mg kg-1 10.10 
Inorganic N, mg kg-1 11.43 
Mehlich III P, mg kg-1 53.9 
Mehlich III K, mg kg-1 185.7 
Mehlich III Zn, mg kg-1 2.13 
Soil Organic Matter, g kg-1 20.23 
Plant Available Water, g g-1 0.24 
Field Capacity, g g-1 0.36 
Wilting Point, g g-1 0.12 
CEC, cmol kg-1 12.9 
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Table 2.2. Nutrient content of broiler litter sample collected from broiler production 
facility in western Kentucky. 
 
Bedding Material Rice Hulls  
C:N Ratio 8.91 
Nitrate (NO3--N), g kg-1 0.27 
Ammonium (NH4+-N), g kg-1 9.08 
Total Inorganic N, g kg-1 9.36 
Phosphate (H2PO4-/HPO42-), g kg-1 3.86 
Total C, g kg-1 246.9 
Total N, g kg-1 27.7 
P, g kg-1 12.5 
K, g kg-1 21.8 
Ca, g kg-1 12.8 
Mg, g kg-1 4.67 
Zn, g kg-1 0.24 
Cu, g kg-1 0.14 
Mn, g kg-1 0.40 
Fe, g kg-1 0.78 
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Table 2.3. Regression coefficients for inorganic N. Different letters indicate significant 
differences between coefficients of the treatment combinations. Asterisks indicate 
statistical significance of the coefficients (p<0.01).  
Treatment Intercept Linear Coefficient Quadratic Coefficient 
BL H Inc 123.30* a 0.2687 a 0.6686 d 
BL L Inc 66.96* b 0.6499* a -0.0002563 b
BL H SA 120.25* a -0.4066 b 0.007806* a
BL L SA 68.64* b 0.3924 a 0.1399 bc
N control H Inc 210.37* c 0.2548 a 0.003219 c
N control L Inc 95.12* d 0.1592 ab 0.001160 bc
N control H SA 210.95* c 0.3597 ab 0.001895 bc
N control L SA 99.05* d 0.0217 ab 0.002328 bc
Soil Only Control 49.46* e 0.5814* a -0.002147 b
* Indicates value significantly different from zero (p<0.1)
Different letters indicate significant differences between treatments (p<0.1)
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2.6.2 Figures 
Figure 2.1. Inorganic nitrogen (NO3--N and NH4+-N) with time for the application 
method and N rate study showing incorporated and surface applied treatments applied at 
a high and low rate with the 118-day incubation. The bars on each data point show the 
standard error. 
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Figure 2.2. Inorganic nitrogen (NO3--N and NH4+-N) content of BL amended treatments 
in the application method and rate study with low watering frequency compared to the 
short-term watering follow up study with high watering frequency for days 1-14 of the 
incubation. The bars on each data point show the standard error. 
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Figure 2.3. Inorganic nitrogen (NO3--N and NH4+-N) content of control treatments in the 
application method and rate study with low watering frequency compared to the short-
term watering follow up study with high watering frequency for days 1-14 of the 
incubation. The bars on each data point show the standard error. 
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Figure 2.4. NO3--N with time for the application method and N rate study showing 
incorporated and surface applied treatments applied at a high and low rate with the 118-
day incubation. The bars on each data point show the standard error. 
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Figure 2.5. The NO3--N of BL amended treatments in the application method and rate 
study with low watering frequency compared to the short-term watering follow up study 
with high watering frequency for days 1-14 of the incubation. The bars on each data point 
show the standard error. 
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Figure 2.6. The NO3--N content of control treatments in the application method and rate 
study with low watering frequency compared to the short-term watering follow up study 
with high watering frequency for days 1-14 of the incubation. The bars on each data point 
show the standard error. 
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Figure 2.7. NH4+-N with time for the application method and N rate study showing 
incorporated and surface applied treatments applied at a high and low rate with the 118-
day incubation. The bars on each data point show the standard error. 
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Figure 2.8. The NH4+-N of BL amended treatments in the application method and rate 
study with low watering frequency compared to the short-term watering follow up study 
with high watering frequency for days 1-14 of the incubation. The bars on each data point 
show the standard error. 
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Figure 2.9. The NH4+-N content of control treatments in the application method and rate 
study with low watering frequency compared to the short-term watering follow up study 
with high watering frequency for days 1-14 of the incubation. The bars on each data point 
show the standard error. 
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Figure 2.10. The pH with time for the application method and N rate study showing 
incorporated and surface applied treatments applied at a high and low rate with the 118-
day incubation. The bars on each data point show the standard error. 
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Figure 2.11. The pH of BL amended treatments in the application method and rate study 
with low watering frequency compared to the short-term watering follow up study with 
high watering frequency for days 1-14 of the incubation. The bars on each data point 
show the standard error. 
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Figure 2.12. The pH content of control treatments in the application method and rate 
study with low watering frequency compared to the short-term watering follow up study 
with high watering frequency for days 1-14 of the incubation. The bars on each data point 
show the standard error. 
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Figure 2.13. NH4+-N content of samples in the short-term watering follow up study at a 
higher watering rate than the application method and rate study with 14-day incubation. 
The bars on each data point show the standard error. 
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Figure 2.14. NO3--N content of samples in the short-term watering follow up study at a 
higher watering rate than the application method and rate study with 14-day incubation. 
The bars on each data point show the standard error. 
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Figure 2.15. CO2-C emitted per hour per kg of soil for the follow up study with adequate 
water content from days 3, 7, and 14 as an indicator of overall microbial respiration. 
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Figure 2.16. N2O-N emitted per hour per kg of soil for the follow up study with adequate 
water content from days 3, 7, and 14 as an indicator of nitrification. 
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Figure 2.17. Phosphate with time for the application method and N rate study showing 
incorporated and surface applied treatments applied at a high and low rate with the 118-
day incubation. The bars on each data point show the standard error. 
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CHAPTER 3. BEDDING MATERIAL TYPE USED IN BROILER PRODUCTION 
AND ITS INFLUENCE ON FERTILIZER USE IN CROP PRODUCTION 
3.1 Abstract 
Many factors influence the nitrogen (N) content of broiler litter (BL) and the 
availability of N when applied as a nutrient source in cropping systems. Broiler litter is 
commonly utilized in Kentucky where producers have access to BL that contains both 
rice hull bedding materials and wood-based bedding material. There is limited data 
available on the bedding material used in the broiler production facility and how it 
influences the nutrient availability of the BL produced. The primary objectives of this 
study were to: 1. determine if different bedding material in BL influences N 
mineralization rates, 2. determine if application method influences N mineralization rates, 
and 3. determine if there are any interactions between the bedding material in BL and 
application method. A laboratory incubation study was conducted with eight BL sources 
applied at a rate of 112 kg total N ha-1 to a Crider silt loam (Fine-silty, mixed, active, 
mesic Typic Paleudalfs). A N control (ammonium nitrate) and soil only control were 
included. Five of the BL samples were wood based bedding litters (WBL) and three of 
the samples were rice hull bedding litters (RHL). One set of samples was destructively 
sampled on each sample date at an interval of 1, 3, 7, 14, 28, 56, and 84 days. Results 
showed the RHL to have higher levels of total inorganic N (5.69 mg kg-1), NH4+-N (2.07 
mg kg-1), and NO3--N (3.7 mg kg-1) and a lower pH (0.09 pH units) than WBL. Wood 
based bedding BL treatments had higher total C (51 mg kg-1), Mehlich III Zn (0.312 mg 
kg-1) and K content (7.0 mg kg-1). The surface applied treatments had more Mehlich III P 
than the incorporated (5.4 mg kg-1) and the surface applied WBL had significantly higher 
Mehlich III P than the surface applied RHL (4.2 mg kg-1). The RHL had significantly 
more NH4+-N than the WBL (5.41 mg kg-1) when surface applied. When applying litter 
based on total nitrogen, our study suggests that RHL will release 4.30-7.84 kg ha-1 more 
inorganic N at an application rate of 4.5 Mg ha-1 and 15.48-25.20 kg ha-1 at an application 
rate of 7 Mg ha-1. This is a significant amount of inorganic N being released in RHL that 
producers are not accounting for. Further research should be conducted to include more 
BL samples from additional broiler production facilities to produce a more 
comprehensive data set before altering current recommendations. This data should also 
be replicated in a field setting to confirm the differences found in the laboratory 
incubation.  
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3.2 Introduction 
3.2.1 Background 
Most soils in Kentucky do not supply enough nitrogen (N) for non-leguminous 
crops grown. Kentucky soils range from 0.05 to 0.10% total N for cultivated soils with 
only a small portion available to crops during the growing season (Wells et al., 1997). 
Broiler litter (BL) is a high-value manure due to its high nutrient content. It contains key 
macro and micronutrients that plants need in plant-available forms (Wells et al., 1997). 
Applying BL to cropland has been shown to increase soil organic matter, increase the 
cation exchange capacity (CEC), and increase the buffer capacity of the soil (Havlin et 
al., 2014; Magdoff and Van Es, 2009). There are around 3,000 broiler production houses 
in Kentucky (Kentucky Poultry Federation, 2017), which means that annually there are 
450,000 tons of BL produced in Kentucky. Most poultry production occurs in the area of 
the state where row crop production is concentrated (Rasnake, 1996). Increases in corn 
yield have been observed when using BL in comparison to synthetic fertilizers when used 
in at the proper time, in the proper amount, over time (Rasnake et al., 2004; Lin et al., 
2018; Ashworth et al., 2018; Geng et al., 2019). The increased yield, availability, and 
long-term benefits of applying BL as fertilizer make it an economical choice for most 
crop producers in Kentucky (Shockley, 2016). 
Broiler litter is a mixture of broiler chicken manure, excess feed, feathers, water, 
and bedding material. The nutrient content of BL can vary due to in-house production 
practices, storage, stockpiling and cleanout schedules (Nahm, 2003; Nahm, 2005). The 
management practices followed when applying BL are important, especially the 
application timing and application method (Hubbard et al., 2008). The type of bedding 
material used in the broiler production facilities may influence nutrient content of BL and 
warrants more research. Broiler litter applied in the field may contain a variety of 
bedding materials depending what is available and economical for producers to access. 
Wood shavings and sawdust are commonly used as bedding in areas where the forest 
industry is prominent. Rice hulls are commonly used in production facilities located close 
to rice production. The bedding material used in Kentucky depends on which region of 
the state the production houses are located. Some houses use wood-based bedding 
materials and others use rice hulls. Previous research on bedding material source focused 
mainly on broiler performance. The difference in how bedding material influences the 
nutrient content of manure or crop yield has received little attention. Sheng et al. (2014) 
conducted a greenhouse study with simulated rainfall to compare the influence of rice 
hull and pine chip bedding litter on nutrient concentrations in runoff water and soil, 
microbial populations in runoff water, and plant growth. The BL was collected and 
broadcast onto the soil surface. The two litters had similar total N and total C percentages 
initially, but over time the treatments with pine chip litter produced greater nutrient 
concentrations in runoff and lower nutrient concentrations in the soil than the rice hull 
treatments. More nutrients were conserved in the soil which caused the runoff values to 
be lower for the rice hull treatments (Sheng et al., 2014). Soluble N and P concentrations 
in the soil were higher for treatments with rice hulls. They concluded that part of the 
difference observed may have been due to particle sizes and surface area. The pine chip 
BL contained larger sized particles with less total surface area. The higher surface area of 
the rice hulls caused higher absorbance of nutrients. Leconte et al. (2011) confirmed this 
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by reporting that nutrient release from poultry manure composts was regulated by particle 
sizes of agents in addition to types of carbonaceous bulking agents. It was also reported 
that manure stability increases with decreasing particle size, meaning that less N and P 
are released (Leconte et al., 2011). There is still much to be learned about how different 
bedding materials in BL influence the nutrient content and nutrient release over time.  
Broiler litter application method can impact the amount of N that is available and 
when this N is available. In production systems utilizing tillage, BL is typically surface 
broadcast and incorporated into the soil shortly after application. Surface broadcasting 
without incorporation is a common practice in no-till production systems. Surface 
broadcasting BL without incorporation can increase N losses through high rates of 
ammonia volatilization and loss of BL through surface runoff (Tewolde et al., 2009). 
Subsurface banded application of BL has been studied as an alternative application 
method for BL in no-till production systems. Pote et al. (2011) noted that ammonia 
volatilization and surface runoff decreased an average of 90% with subsurface banded BL 
compared to surface application without incorporation. A meta-analysis conducted by Lin 
et al. (2018) looked at the influence of BL on crop productivity under different conditions 
by combining results of 90 studies and 866 observations. This study found BL application 
in no-till systems resulted in significantly higher yields than inorganic fertilizers. The 
study also found that the highest yield was from the subsurface banded application. This 
is likely due to the conservation of N due to reduced ammonia volatilization and reduced 
surface runoff. The influence of the application method and its interaction with the 
bedding material is important since crop producers are increasingly interested in getting 
the most nutrients out of BL with minimal losses. The focus of this study is to help 
Kentucky crop producers make informed decisions when utilizing BL as a nutrient 
source. Further information about the influence of bedding material and application 
method will help guide the decision-making process.   
3.2.2 Objectives 
 The overall purpose of this study was to provide information to help producers 
better utilize BL as a nutrient source. The objectives of this study were: 1. determine if 
bedding material source influences N mineralization rates; 2. determine if application 
method influences N mineralization rates; 3. determine if other differences were present 
between the rice hull and wood based BL; 4. compare N  mineralization rates of rice hull 
and wood based for a full cleanout either surface applied or incorporated. 
3.3 Materials and Methods 
3.3.1 Study Design 
A laboratory incubation study was conducted in a randomized complete block 
design using a Crider silt loam soil (Fine-silty, mixed, active, mesic Typic Paleudalfs) 
(USDA NRCS, 2011). There were eight BL sources applied at 112 kg total N hectare-1 
replicated four times. The BL application rate for all treatments was based on total N, 
applied at 112 kg total N ha-1 (Table 3.4).  A separate incubator was used for each block. 
An ammonium nitrate treatment was included as a N only control applied at the same rate 
of 112 kg total N hectare-1. A soil only control was also included. Five of the BL samples 
 
 56 
were wood based bedding litters and three of the samples were rice hull bedding litters 
All BL was applied on the soil surface. The incorporated treatments were incorporated to 
a depth of 4 cm. The surface applied treatments were not incorporated and remained on 
the soil surface. A subset of samples was created from litter 3 and 6 to observe 
application method and bedding material effects. Litter 3 was a wood-based bedding litter 
and litter 6 was a rice hull-based bedding litter. These two were chosen from the set of 
eight due to the similar nutrient content and in-house practices. One set of samples were 
destructively sampled on each sample date at an interval of 1, 3, 7, 14, 28, 56, and 84 
days. The first incubation day was staggered by one day for each block. Sample cups 
were watered every 2 to 3 days. The samples were incubated at 25C and 85% relative 
humidity.  
3.3.2 Soil Collection and Preparation 
The top 15 cm of soil collected in the field in Princeton, Kentucky was sieved to 7 
mm in the field to remove crop residue, roots, and large clods. Three subsamples were 
sent to University of Kentucky Regulatory Services for soil analysis that included soil pH 
and buffer pH, Mehlich III extractable P, K, Ca, Mg, Zn, CEC, exchangeable bases, 
organic matter, total nitrogen, water holding potential, water at field capacity, water at 
wilting point, and plant available water (Table 3.1). The remainder of the soil was ground 
and sieved to 2 mm and pre-incubated at 25C for a month prior to use. The pre-
incubation was done to stabilize microbial communities and inorganic N status in the soil. 
The soil was then mixed in a cement mixer for 30 minutes to homogenize prior to mixing 
with BL for incubation. The water content was adjusted to 50% of field capacity (20% 
gravimetric water content or 36% WFPS). 
3.3.3 Broiler Litter Collection and Preparation 
Five BL samples were collected from broiler production facilities in western 
Kentucky and three BL samples were collected in Delaware. Approximately 20 L of BL 
was collected at the time of clean out or crust out. The BL samples were shipped to the 
University of Kentucky campus in Lexington, KY in a sealed container and stored at -
18C until the time of use. Broiler production practices were collected with each manure 
sample to aid in data interpretation. Specific practices included stockpiling practices, 
number of birds, time between flocks, cleanout practices, composting practices, 
amendments added, final weight of birds, and the feed conversion (Table 3.2). The BL 
samples were thawed at room temperature for 12 hours and then mixed separately in a 
cement mixer for an hour to break up large pieces and homogenize the litter. The mixer 
was cleaned between each sample and a plastic sheet was secured around the mixer to 
prevent loss of litter. 
3.3.4 Sample Preparation and Watering 
Sample cups were constructed using 150 g of dry soil. The gravimetric water 
content of the soil was determined by drying approximately 10 g of soil in the oven at 
105C for 48 hours. The soil moisture content was adjusted to 36% WFPS (20% 
gravimetric water content). The amount of amendment added was calculated based on 
total N (Table 3.3). The BL and ammonium nitrate were applied at a rate of 112 kg ha-1. 
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The bulk density was adjusted to 1.07 g cm-3 for both application methods. The BL was 
applied on the soil surface in the sample cup and mixed four centimeters deep into the 
soil for the incorporated samples. The BL was spread evenly on the soil surface for 
surface applied samples.  
The cups for this study were watered every two to three days. The cups were 
watered by block and the watering dates were staggered. On the watering date, all 
samples from the block were watered based on target weight from total cup weight after 
assembling the cups at the start of the incubation when the soil was at 36% WFPS (20% 
gravimetric water content).  
3.3.5 Methods of Analysis 
3.3.5.1 Soil and Amended Soil 
All soil samples prior to incubation and those after incubation were air dried at 
38⁰C and ground to pass a 2 mm screen prior to analysis. Soil pH for soil prior to 
incubation was determined by a 1:1 soil to 1 M KCl solution and measured with a glass 
electrode (Sikora, 2014). After pH measurement, 10 ml of Sikora Buffer is added to the 
soil-water paste and shaken for 10 minutes and pH is measured again with the glass 
electrode (Sikora, 2014).  
The pH was determined for each sample using a 1:1 ratio of sample to DI water. 
Soil pH was quantified using the glass electrode method (Thomas, 1996). Phosphorus, K, 
Ca, Mg, and Zn were extracted by Mehlich III solution and analyzed by ICP (Zhang et 
al., 2014). Total C was determined by combustion (LECO® St. Joseph, MI) of 0.5 g of 
soil (Nelson and Sommers, 1982). Total N was determined in the same manner and 
sample as TC by measuring N2 gas emitted upon combustion. Cation exchange capacity 
and exchangeable bases were determined by the neutral NH4OAc method and quantified 
by ICP as described by Sikora et al. (2014). Water holding potential is determined by the 
pressure plate method at 33.4 KPa of pressure (field capacity) minus the amount of water 
held at 1520 KPa (wilting point) using the method described by Topp et al. (1993).  
Inorganic N (NH4+-N and NO3--N) was determined by 10:1 extraction with 1 M 
KCl following the procedures described by Keeney and Nelson (1982). Samples were 
analyzed with a Lachat Quikchem 8500 Series Flow Injection Analysis System (Hach®, 
Loveland, CO). Ammonia was quantified in the filtrate using a Berthelot reaction with 
alkaline phenol and sodium hypochlorite and measuring absorbance at 630 nm 
(QuikChem Method 10-107-06-1-J). Nitrate in the filtrate was determined by reducing to 
nitrite by passing the sample through a copper-coated cadmium column. Nitrite 
concentration was determined following the Griess-Ilosvay method by diazotizing with 
sulfanilamide and N-(1-Naphthyl) ethylenediamine (NED) then measuring the 
absorbance at 520 nm (QuikChem Method 10-107-04-1-C). Phosphate was determined by 
water extraction and analyzed with a Lachat Quikchem 8500 Series Flow Injection 
Analysis System following an adaption of procedures reported by Olsen and Sommers 
(1982) for determination of water-soluble P in soils. Two grams of each sample were 
shaken with 20 ml of DI water on an Eberbach reciprocating shaker (Model E6010) on 
low (180 osc min-1) for one hour. Tubes were then centrifuged at 210 radians sec-1 for 15 
minutes. Samples were filtered on a vacuum filtration system through 0.45-micron filters. 
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Phosphate concentration was determined using the ascorbic acid method (Murphy and 
Riley, 1962) and measuring absorbance at 880 nm (QuickChem Method 10-115-01-1-A). 
3.3.5.2 Broiler Litter 
Broiler litter samples were stored in a sealed container at -18⁰C prior to 
extraction. A 1 kg subsample was collected and stored at 0⁰C for 24 hours until extracted. 
Three replications were included for each analysis performed. Initial BL samples were 
analyzed at the University of Kentucky Regulatory Services for moisture content, C, N, 
P, K, Ca, Mg, Zn, Cu, Mn, and Fe. All samples are air dried at 75⁰C then ground to pass a 
2 mm screen. A ground 2 g sample was analyzed by combustion (LECO® St. Joseph, 
MI) for C and N determination (Bremmner, 1996; Nelson and Sommers, 1982). Another 
2 g sample of ground BL was digested with a combination of HCl and H2SO4 acids and 
the digestate was analyzed by Inductively Coupled Plasma Spectrometer (ICP) to 
determine all other nutrient concentrations (Peters, et al., 2003).  
A 1 g BL sample was extracted with 1 M KCl to determine NH4+-N and NO3--N 
as described by Wolf and Wolf (2003). Three replications were included for each BL 
sample. A 1 g sample of fresh manure was shaken with 60 ml of 1 M KCl for 30 min on 
an Eberbach reciprocating shaker (Model E6010) on low (180 osc min-1). The 
supernatant was then centrifuged for 15 minutes at 160 radians sec-1. Samples were 
removed and supernatant was filtered through a Whatman 42 filter using gravity 
filtration. Samples were diluted 1:100 with 1 M KCl. Samples were analyzed with a 
Lachat Quikchem 8500 Series Flow Injection Analysis System (Hach®, Loveland, CO). 
Ammonia was quantified in the filtrate using a Berthelot reaction with alkaline phenol 
and sodium hypochlorite and measuring absorbance at 630 nm (QuikChem Method 10-
107-06-1-J). Nitrate in the filtrate was determined by reducing to nitrite by passing the 
sample through a copper-coated cadmium column. Nitrite concentration was determined 
following the Griess-Ilosvay method by diazotizing with sulfanilamide and N-(1-
Naphthyl) ethylenediamine (NED) then measuring the absorbance at 520 nm (QuikChem 
Method 10-107-04-1-C). 
Phosphate was determined by water extraction and analyzed with a Lachat 
Quikchem 8500 Series Flow Injection Analysis System following an adaption of 
procedures reported by Kleinman et al., (2007) and Self-Davis and Moore (2000). 
Briefly, 1 g of BL was added to a 120 ml specimen cup with 100 mL DI H2O, shaken on 
their side at 180 osc. min-1 for one hour in a Model E6010 Eberbach reciprocating shaker 
(Eberbach Corporation, Belleville, MI). The supernatant was centrifuged at 1,500 rpm for 
15 minutes and the vacuum filtered through a 0.45-µm filter. Phosphate concentration 
was determine using the ascorbic acid method (Murphy and Riley, 1962) and measuring 
absorbance at 880 nm (QuickChem Method 10-115-01-1-A). 
3.3.5.3 Sampling Technique 
One cup from each treatment and block was removed on each sample date. The 
cup was weighed, the lid was replaced, and taken to the lab for processing. When samples 
couldn’t be processed immediately, they were stored at 0C for less than 48 hours until 
processing could occur. The samples were mixed, poured onto molded fiber trays, and a 
10 g subsample was removed for gravimetric water content analysis. The rest of the 
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sample on the tray was air-dried at 38C for 24-48 hours until the sample remained at a 
constant weight. The air-dried samples were ground with a mortar and pestle and sieved 
to 2 mm. A 10 g subsample was removed and placed into a 120 ml specimen cup for KCl 
extraction. If the subsample was not extracted immediately, it was placed in the 
refrigerator to preserve inorganic N at 0C for no more than 48 hours until extracted. The 
remainder of the air-dried sample was stored in the original sample cup at room 
temperature until analysis for phosphate, pH, total C, total N, and Mehlich III extraction 
could be carried out.  
3.3.6 Statistical Analysis 
The R Project for Statistical Computing was used for the statistical analysis for 
this project (R Core Team, 2019). Models were developed by observing the shape of the 
curve produced when plotting the results of the samples over time (0-84 days). A linear 
mixed model was fit to the data by REML (Restricted (residual) maximum likelihood 
estimation method). The sample date was squared in the model since the data reflected a 
quadratic trend over time. There were two models developed. The first was used to 
compare the bedding materials over time. The main effects were N source and bedding 
material by sample date and sample date squared. The random effects were the block and 
the sample date. This is to account for any differences due to blocking or differences at 
each sample date. Sample date was a random effect since a separate sample was analyzed 
for each date due to destructive sampling. The second model was used to compare the 
two litters used for the application method comparison over time. The fixed effects were 
N source, bedding material, and application method by sample date and sample date 
squared. For both models the soil control was compared to the treatments and an alpha of 
0.1 was used to determine significance. 
A separate model was run for NH4+-N to analyze the first 28 days separately from 
days 28 to 84 since after day 28 all values plateaued at the same rate. This model 
included the same fixed and random effects as the original model run for all other results. 
A separate model was run in addition to the original model for inorganic N and NO3--N. 
This was done so that orthogonal contrast could be run easier to compare the intercept, 
linear coefficients, and quadratic coefficients for each treatment. The same fixed and 
random effects were included as in the original model.  
3.4 Results and Discussion 
The results of the initial soil properties prior to incubation were typical for a 
Crider silt-loam. The soil contained 20.2 mg kg-1 organic matter (Table 3.1). The 
significant amount of organic matter present is important when discussing the N content 
and mineralization of the soil control throughout the experiment. The results from the BL 
surveys provide information that can account for some of the differences between the BL 
samples within a bedding material. The goal was to have a mixture of typical in-house 
practices for Kentucky and the surrounding states to provide a representative group of 
samples (Table 3.2). A model was developed to fit the curve of the inorganic N release of 
the samples over 84 days. The results of the linear mixed model comparison from the 
ANOVA are presented in table 3.3 for both the bedding material comparison and the 
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application method comparison. The bedding material comparison resulted in many 
significant differences. The inorganic N, NO3--N, phosphate, Mehlich III extractable K 
and Zn, total C, and pH were all significantly different between the bedding material 
types. Mehlich III extractable P was the only result that differed between the application 
methods and it included an interaction between the application method and the bedding 
material.  
3.4.1 Total Inorganic Nitrogen 
3.4.1.1 Bedding Material 
 The difference between litter samples, N control samples, and soil only control 
samples were statistically significant (p<0.0001). The differences between each treatment 
were significant (p<0.1). The nitrogen only control had the most inorganic N across the 
entire incubation (Figure 3.1). Rice hull-based litter had a higher inorganic N content 
than WBL samples. The soil control contained the least inorganic N. The RHL samples 
released more inorganic N than the WBL samples (p<0.0001). The RHL samples were 
3.07 to 8.47 mg kg-1 higher than the WBL samples. The RHL samples had a higher 
inorganic N content than the samples with WBL samples at day 1 (Figure 3.1 and Table 
3.5). Although the total N content of the bedding material treatments was not statistically 
significant, the RHL samples had a higher percentage of the total N in the inorganic form 
while the WBL samples had a higher percentage of organic N. The slope of the RHL was 
not significantly different from the slope of the WBL (p = 0.8561). This indicates that 
mineralization rates were not significantly different and were not influenced by bedding 
material source (Table 3.5). However, the initial inorganic N content was higher for RHL 
and remained higher over the course of the incubation. The RHL had a higher inorganic 
N content than the WBL at the beginning and remained higher throughout the incubation.  
The ammonium nitrate control was significantly higher than all other treatments 
(p < 0.0001). The ammonium nitrate control was 26.5 mg kg-1 higher than the litter 
treatments after two-weeks and 45.9 mg kg-1 above the soil only control. All the added N 
in the ammonium nitrate control was in the inorganic form that didn’t have to mineralize 
like the BL samples. Ammonium nitrate was applied at the same rate of 112 kg total N 
ha-1. Broiler litter consists of a high percentage organic N, while all the N in ammonium 
nitrate is in the inorganic form. The total inorganic N was higher for the N control 
samples since all of the N applied to these samples was in the inorganic form. The BL 
samples had a high percentage of the total N in the organic form and resulted in the lower 
values of inorganic N in the BL. The N only control was included as a check to see how 
N was released and transformed over time. The N control also allowed us to determine 
the total amount of N from the BL that mineralized and what percentage of the TN 
mineralized over the time frame of the incubation. This was not designed to test 
differences between inorganic fertilizers and manures. The comparison has been highly 
researched and addressed earlier in the paper. 
Table 3.6 presents the inorganic N content of the BL in kg Mg-1 over the 
incubation period for both bedding types. When scaled to kg N Mg litter-1 there was a 
range of values since the weight of litter added was based on the total N in the litter. The 
amount of plant-available N in the litter is dependent on the total N and the rate of 
mineralization. The total N content of the litter is shown in table 3.7. Table 3.8 shows the 
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percentage of total N in the BL applied that was in the inorganic form at each sample 
date. The RHL had 56% of total N in plant-available form while the WBL only had 43% 
at the highest point in the incubation. At the end of 84 days the RHL and WBL had 
50.8% and 43.2% of TN in plant-available form respectively.  
A substantial amount of N can be mineralized within the first 14 days of 
application. Appling BL too far in advance of planting can lead to N losses due to small 
N demand early in the season. From day 1 to 28 considerable N is mineralized (40-57%) 
and after day 28 the rate of mineralization slows significantly. At day 28 there were 11-
18 kg inorganic N Mg-1 RHL and 7-13 kg inorganic N Mg-1 WBL. About 97% of the total 
inorganic N in the soil at day 28 is in the form of NO3--N which can be lost through 
leaching and denitrification. If producers apply BL in February and there are a few warm 
days, the NH4+-N in the BL and any NH4+-N mineralized will be nitrified and has the 
potential to be lost prior to crop uptake. The closer to planting that producers can apply 
BL will result in the timing of N mineralized lining up with crop need. When the timing 
lines up it allows the crop to take up more N from the BL applied resulting in less 
inorganic N fertilizer needed. Accounting for and utilizing more N will save the producer 
money and result in less N lost from the system if the crop is taking up more NO3--N. Our 
results emphasize the importance of BL application timing on availability of N for crop 
uptake.  
From day 1 to 28 considerable N is mineralized (40-57%) and after day 28 the 
rate of mineralization is lower for the BL amended samples than for the soil only control. 
From day 28 to 84 no N was mineralized from the BL although N was mineralized from 
the soil. The decline in N mineralization likely resulted from a shift in microbial activity 
and populations. From day 1 to 28 in the BL amended samples mineralization and 
nitrification were occurring at a high rate. After all the labile N was consumed the 
microorganisms had to shift to utilizing more recalcitrant N at a slower rate. The 
nitrifying microorganisms had a large pool of NH4+-N to consume but after day 28, 97% 
of the inorganic N was in the form of NO3--N. Broiler litter contains lignin and other 
complex organic materials that could potentially slow down the N mineralization process 
since these are more complex and difficult to break down. Rice hulls are composed of 
75% cellulose, hemi-cellulose and lignin and about 15% silica. (Alyosef et al., 2013). 
Wood byproducts like sawdust and woodchips are composed of approximately 40-45% 
cellulose, 32-35% hemicellulose, and 24-27% lignin (Meng at al., 2019). The lignin and 
silica content of the BL potentially slowed mineralization rates from day 28 to 84. It is 
possible that immobilization was occurring from day 28 to 84 due to the large pool of 
NO3--N in the sample saturating the system leading to an increase in microbial 
population. If the incubation continued it is likely that the BL treatments would have a 
slow and steady rate of N mineralization as the microbial population adjusts to 
decompose the more recalcitrant pools of C and N at a slow and constant rate. A slow and 
steady N mineralization rate was the trend for the soil only control (Figure 3.1).  
The percent of total N available was consistent with other studies and the current 
recommendations for Kentucky. Chae and Tabatabai (1986) reported the percentage total 
N mineralized from chicken manure averaged 53% in five different soils over 26 weeks 
of incubation. The University of Kentucky Cooperative Extension estimates that 45 to 
60% of the total N in BL will be plant available within the first year depending on when 
the litter is applied and when it is incorporated (Rasnake et al., 2000). The rate of 
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mineralization agreed with similar incubation studies. Agehara et al. (2005) found that 
BL showed slow N release with a plateau at week 8 to 12. Net N released during 
incubation over 12 weeks was 40.7-42.7%. The study found that NH4+-N was nitrified to 
NO3--N as quickly as it was mineralized.  
The incubation study was conducted at optimal conditions which means that the 
timing of N availability in the field must be adjusted according to weather conditions. 
Field conditions are not always optimal so 28 days in the laboratory incubation would 
equate to many more days in the field. For example, if there were only 14 out of the 28 
days following BL application that were above 25C then the equivalent timing would be 
day 14 of the incubation, not day 28. The 84 days that the incubation was carried out 
equates to many more days in the field depending on the climate and time of the year that 
the BL was applied.  
The composition and nutrient content of each litter type differed based on the 
composting practices, bedding materials, cleanout practices, and other factors. The WBL 
samples 42.39 g kg-1 more total C than the RBL (Table 3.9). The RBL samples had 6.26 
g kg-1 more inorganic N than WBL did prior to application and incubation (Table 3.11). 
The increased C content of the WBL produced a higher C:N ratio. The C:N ratio of an 
amendment influences the rate at which N mineralization occurs. Watts et al. (2012) 
reported that as a rule of thumb a C:N ratio of 20:1 is the breakeven point between 
immobilization and N release. The C:N ratio of the BL applied was 8.1 for RHL and 9.90 
for WBL on average (Table 3.11). Both were low enough for N mineralization to occur, 
but RHL had a lower C:N ratio. As the C:N ratio decreases and N mineralization will be 
more rapid (Nahm, 2005). Van Kessel et al. (2000) found that there was a linear 
relationship between readily mineralizable N and the C:N ratio when the C:N ratio was 
below 42. Subair et al. (1999) found that the percentage of organic N mineralized was 
negatively correlated with the amount of C, the initial C:N ratio of the manure, and the 
loss of C during the experiment. This supports our results where the RHL with the lower 
to C:N ratio released more inorganic N over the incubation period.  
The particle size was visibly different between the two bedding materials. The 
WBL samples were composed of various wood products that varied in size. Some of the 
wood-based bedding materials had finer, sawdust particles while another had larger, 
wood chip particles. The RHL had more consistent particle size than the wood-based 
bedding material. The smaller the size of the particles in the BL, the higher the surface 
area of the BL. A higher surface area leads to a higher potential for microbial activity and 
N mineralization. Agehara et al. (2005) concluded that in addition to chemical 
composition, particle size plays an important role in N mineralization since it affects the 
surface area of the N source and contact with microorganisms. This difference likely 
contributes to the higher inorganic N content of RHL when compared to WBL.  
The RHL had an average of 1.12-3.60 kg Mg-1 more inorganic N available than 
WBL did. Kentucky producers typically apply 4.5-7 Mg BL ha-1. When scaled to that 
rate, the RHL releases 4.30-7.84 kg ha-1 more inorganic N at an application rate of 4.5 
Mg ha-1 and 15.48-25.20 kg ha-1 at an application rate of 7 Mg ha-1 (Table 3.9).  This is a 
substantial amount at field scale between the two bedding materials. The results suggest 
that producers may be able to reduce their fertilizer N rate more with RHL than with 
WBL. The RHL samples had a higher inorganic N content than the WBL samples. The 
biggest difference was at day 28 when the RHL had 3.11-5.29 kg Mg-1 more inorganic N 
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than the WBL (Table 3.9). The major driver of the difference in inorganic N between the 
bedding materials was the initial inorganic N content. The intercepts for the WBL and 
RHL were significantly different (p<0.1) while the linear coefficient signifying the N 
mineralization rate was not significantly different between bedding material types from 
day 1 to day 84.  
 Each state has different methods for calculating the plant available N from BL 
additions. The calculations from Maryland, Delaware, Virginia, Pennsylvania, and 
Kentucky were selected for a comparison of values based on the BL samples collected for 
this study. For all the calculations except for Kentucky, the following equation was used: 
  
Plant Available N = Organic N*Mineralization Factor + NH4-N*Conservation Factor  
 
 Kentucky has an availability factor that is multiplied by total N. The 
mineralization factors and NH4+-N conservation factors are presented in table 3.10 for 
each state. The criteria used to select these factors were based on immediate 
incorporation of BL in a tilled system. Maryland and Delaware’s predictions were the 
closest for the WBL. The actual inorganic N content of the RHL were higher than the 
predicted values. All of the states prediction equations are in areas where WBL are 
common so it makes sense that they were more accurate with the WBL. These 
comparisons show that there is room to expand recommendations and prediction 
equations in areas like Kentucky where both bedding material types are utilized. The 
comparison shows that if producers are using Kentucky’s recommended estimation they 
may not be accounting for all of the N available to the crop throughout the growing 
season. 
The difference in inorganic N between the bedding materials has an implication 
on the management practices utilized when applying BL. Rice hull-based BL provided a 
higher percentage of total N available to plants than WBL. This is important when 
determining the nutrient value of the BL and the anticipated N release during the growing 
season. When applying litter based on total N, our study suggests that a RHL will release 
4.30-7.84 kg ha-1 more inorganic N at an application rate of 4.5 Mg ha-1 and 15.48-25.20 
kg ha-1 at an application rate of 7 Mg ha-1. At field scale this is a substantial amount of 
inorganic N being released in RHL that producers are not accounting for. This study had 
a limited pool of BL samples, but the results were significant between the two. Further 
research could be conducted to include more BL samples from additional broiler 
production houses to produce a more comprehensive data set before altering current 
recommendations. This data should also be replicated in a field setting to confirm the 
differences found in the laboratory incubation.  
 
3.4.1.2 Application Method 
There was no significant difference in total inorganic N between the application 
methods in this study (p=0.309). The soil only control and N only control were 
significantly different from the litter samples and from each other (p<0.001). The lack of 
difference between application methods could have been due to the small sample size. 
Only two litter types were used to compare the application methods in this study. The 
application method section of this study was conducted as a follow up to the rate and 
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application method study. The differences between surface applying BL and 
incorporation have been studied intensively in field trials looking at tillage and no-till 
cropping systems, but not in laboratory incubation studies capable of greater 
experimental control. Surface applied BL application results in lower inorganic N content 
primarily due to the high urea content of BL. Much of the urea can be lost due to 
ammonia volatilization with surface applied BL. Gaseous losses are significantly reduced 
if the BL is incorporated shortly after application or applied by subsurface injection. 
Subsurface application of BL and incorporation following broadcasting reduce N losses 
and are the recommended methods of application. Tewolde et al. (2009) compared 
subsurface banded to surface broadcast BL in cotton and found that subsurface banding 
BL significantly increased the lint yield by 68 kg ha-1. This study looked at different rates 
of BL application within the application methods and found the N conserved in 
subsurface banding the BL suggests that broadcast BL recommendations may be reduced 
by 30% for subsurface banding (Tewolde et al, 2009).  
3.4.2 Ammonium 
The first model was fit to NH4+-N content over the entire incubation time and 
showed one significant difference between the litter samples and N control (p=0.0737). A 
second model was fit to compare the NH4+-N content over the first 28 days separately 
from day 28 to 84 when NH4+-N content was consistently 1-2 mg kg-1 across all 
treatments. The results discussed for both the bedding material and application method 
comparisons are based on the model that compared the trends for day 1 to 28 separately 
before NH4+-N levels were depleted.  
3.4.2.1 Bedding Material  
The RHL and WBL were significantly different in NH4+-N content and rate of 
NH4+-N loss over the first 28 days (p<0.01). The N control rate of NH4+-N was 
significantly higher than the soil only control and the BL amended samples (p<0.01). 
There was more NH4+-N in the N control samples since almost all of the N is in the 
inorganic form and the rate of amendment application was based on total N. Half of the N 
applied would initially be in the NH4+-N form since the fertilizer applied was ammonium 
nitrate. After day 28, the NH4+-N content leveled out and was the same for all treatments 
(Figure 3.2). Almost all the inorganic N was in the form of NO3--N across all treatments. 
Although the treatments started out with very different NH4+-N content, over time all 
systems return to a structure where the NH4+-N has been nitrified to NO3--N. Most of the 
inorganic N by day 28 has the potential to be lost since NO3--N is highly leachable. The 
soil environment maintains a low percentage of NH4+-N. For all treatments the 
percentage NH4+-N of total inorganic N was 2-3%. This was a range of 1.5-2 mg kg-1 but 
all achieved 98% NO3--N by day 83. The lack of increase in NH4+-N but increase in total 
N caused by increase in NO3--N proves that in this incubation the NH4+-N was 
transformed to NO3--N shortly after mineralization. The 2-3% was likely the NH4+-N that 
had not been nitrified yet. This data further suggest that fall application of BL is not a 
good agronomic practice in environments similar to Kentucky. The closer BL is applied 
to planting, the greater the chance the N will be utilized by the growing crop.  
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The RHL samples had a higher NH4+-N content than the WBL at day 1 and 
decreased quicker. The C:N ratio of the samples ranged from 8 to 10.5. This range is low 
enough that minimal immobilization was occurring since the optimal C:N ratio for N 
immobilization to occur is much higher at 20. At this C:N ratio it is more likely that N 
mineralization was taking place over the course of the incubation. The NH4+-N in the 
samples was being transformed by nitrification as it was mineralizing from organic forms 
of N to NH4+-N. Agehara et al. (2005) found that during a 12-week incubation BL NH4+-
N was nitrified to NO3--N as quickly as it was mineralized. Similarly, in our study the 
loss of NH4+-N and lack of NH4+-N after day 28 was primarily through nitrification 
transforming NH4+-N to NO3--N. Faster nitrification rates mean large quantities of NO3--
N are produced at the time of application. If the NO3--N is not utilized by plants, there is 
a greater chance of N loss due to nitrification or NO3--N leaching when applying RHL 
compared to WBL. On a field scale, NO3--N leaching can be a major issue 
environmentally, agronomically, and economically. The possibility of NO3--N losses 
when applying BL, especially RHL, should be considered when applying BL. Producers 
applying BL in the fall would benefit from cover crops in their production system by 
utilizing NO3-N produced and minimize losses. Our results indicate that it is beneficial 
for producers to apply BL closer to planting so that when the organic N is mineralized 
and NH4+-N is nitrified the plants are larger and can utilize the nitrified N as it is 
produced. This would decrease the amount of N fertilizer needed and the potential for N 
losses.  
3.4.2.2 Application Method 
There was a significant interaction between the bedding material and the 
application method for NH4+-N (p<0.001). There was no significant difference between 
the incorporated RHL and WBL, but the surface applied RHL had significantly more 
NH4+-N than the WBL (p<0.001) producing the interaction between bedding material and 
application method. The WBL did not differ significantly between the application 
methods (p>0.1). The RHL had 6 g kg-1 more NH4+-N than the WBL did prior to 
application (Table 3.11). The surface applied RHL had 5-10 mg kg-1 more NH4+-N than 
the incorporated RHL for the first 14 days (Figure 3.3). The incorporated samples had 
more soil to BL contact which influences microbial activity and nitrification. The lower 
NH4+-N content of the incorporated RHL sample could be due to increased nitrification 
transforming the NH4+-N to NO3--N faster than in the surface applied samples.  
3.4.3 Nitrate 
3.4.3.1 Bedding Material 
The intercept values for NO3--N were not significantly different between the 
bedding materials (p=1.000) meaning the bedding material did not influence the initial N 
content of the sample. However the linear coefficient (p=0.0172 and quadratic coefficient 
(p=0.0463) were significantly different between the WBL and RHL due to different 
nitrification rates between the bedding material sources. The rate of nitrification is 
indicated by the linear coefficient of NO3--N. The rate of nitrification was higher for the 
RHL than for the WBL (Figure 3.4). This is due to the high NH4+-N content of the RHL 
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(Table 3.11) and the high rate of mineralization from labile organic N pools resulting in 
available NH4+-N. The quadratic coefficient was the most negative for the RHL and was 
significantly lower than the WBL (p=0.0463). The RHL had a steeper slope and when the 
nitrification rates started leveling off at day 28 to 56 it produced a more significant 
quadratic shape since it was increasing faster. The N control was not significantly 
different from the WBL (p=1.00) or RHL (p=0.575) for the linear coefficient or for the 
quadratic coefficient (p=0.930, 0.995 respectively) but as mentioned earlier there was a 
significant difference between the bedding materials. The intercept for the N control was 
significantly different from the RHL, WBL, and the soil control (p<0.0001).   
At day 14 the RHL samples were an average of 6.48 mg kg-1 higher than the WBL 
samples. The rate of nitrification starts to slow down after day 14 as the nitrifying 
microorganisms deplete NH4+-N. The quadratic shape starts to form and the mineralizing 
bacteria start running out of labile organic N sources. The microorganisms then start 
working to mineralize more recalcitrant pools of organic N. The differences in NO3--N 
content could potentially be due to higher NH4+-N content of the litter at day 1 (Figure 
3.2). This NO3--N could have resulted from nitrification of the NH4+-N in the BL, and 
nitrification of the NH4+-N resulting from N mineralization of the organic N in the BL. 
This is supported by a significant difference in pH between the bedding material types 
(Figure 3.8). The pH of the RHL samples was significantly lower than the WBL samples, 
which could be a result of nitrification. The difference in total inorganic N can be 
attributed to the increase in NO3--N over the incubation period. Nitrate levels in the RHL 
samples increased after day 7 to a level that was higher than the WBL samples. This also 
indicates the potential for denitrification losses are greater with higher proportions of 
NO3--N in the RHL.  
The N control had higher NO3--N levels than the BL samples and the soil only 
control throughout the incubation (p < 0.0001). The N control had more inorganic N and 
NO3--N at the beginning of the incubation since the application rate was based on total N. 
The N control was applied as ammonium nitrate which means 50% of the N applied was 
in the form of NO3--N. The NH4+-N in the ammonium nitrate was transformed to NO3--N 
through nitrification, resulting in a decrease in pH. The N control had the lowest pH, and 
the highest NO3--N content when compared to the soil only control and the BL amended 
soils.  
3.4.3.2 Application Method 
There was not a significant difference in NO3--N between application methods 
(p=0.309) or between bedding material types for the intercept at day 0 (p=0.513). There 
was a significant main effect of application method on the slope (p=0.0363). The surface 
applied samples had a higher linear coefficient which results in a steeper slope and a 
faster nitrification rate (Figure 3.5). There were no significant differences between 
treatments for the quadratic coefficient but there was an overall quadratic trend. The 
mineralization rates slowed down at about the same time for all treatments and all 
treatments experienced a period of rapid mineralization followed by slower rates.  
3.4.4 Water Extractable Phosphate 
3.4.4.1 Bedding Material 
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There was not a significant difference in intercepts between the bedding materials 
for phosphate (p=0.696), indicating similar amounts of phosphate in the initial samples. 
There was a significant difference between the N control and the litter samples 
(p=0.0148). The litter samples had a higher phosphate content than the N control and the 
soil only control (Figure 3.6). These results are expected since no additional P was added 
to the N control or the soil only control, but the BL amended samples contained 
phosphate from the BL. There was a pool of organic P added with the BL additions. 
Organic P mineralized to phosphate over the incubation resulting in even higher 
phosphate levels for BL amended treatments. There was a significant main effect of N 
source on the linear coefficients for BL amended samples in comparison to the N and soil 
control (p=0.0311). The phosphate content declined over time for the BL amended 
samples since a fraction of the phosphate added to the soil was adsorbed to the soil 
surface. The controls had no additions and remained relatively constant over the 
incubation. There was a significant difference between the linear coefficients for RHL 
and WBL (p=0.0953). The WBL declined at a faster rate than the RHL did over the 84-
day incubation. The WBL started out at a higher phosphate content and the bedding 
materials ended at the same point. This difference is likely observed due to the RHL 
having a more recalcitrant composition with the waxy rice hull materials while the WBL 
could have released phosphate into the soil solution more easily. This difference could 
mean that in WBL plants will have easier access to P during the growing season. The BL 
is releasing P and it is going into the soil. The soil is fixing the P more in the RHL 
treatments since the values are going down quicker. The P is tied up tighter with the RHL 
than the WBL.  
3.4.4.2 Application Method 
There were no differences between the intercepts for the application methods 
(p=0.4739) or the bedding materials (p=0.927) for phosphate. There were no differences 
between the quadratic coefficients for application method or bedding material (p>0.1). 
There was a significant negative slope over both BL amended treatments (p<0.0001) and 
a significant quadratic coefficient (p=0.0721). The surface applied samples had a more 
negative slope indicating a quicker decline in phosphate (p=0.0449). There was a 
significant interaction for the linear coefficient between bedding material and application 
method (p=0.0434). There was a greater difference between application methods for the 
RHL than the WBL (Figure 3.7). The slope for surface applied RHL was -0.8057 and the 
slope for the RH incorporated was -0.1673. It is likely the decline in phosphate was due 
to P fixation in the soil. The quadratic trend is caused by an initial high rate of P sorption 
followed by a period of slower constant fixation. The Crider silt-loam soil used for the 
incubation study is a slightly acidic soil formed from limestone. The Ca content of the 
samples was high which means that phosphate could have precipitated as secondary 
minerals (Ca-P and potentially Mg-P). The soil also contains clays that have a high 
capacity for P sorption.  
3.4.5 pH 
3.4.5.1 Bedding Material 
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There was a significant difference in pH between the bedding material types (p < 
0.001). The RHL samples had a lower pH than the WBL samples. The process of 
nitrification lowers soil pH. The NO3--N content of the RHL was higher than WBL which 
indicates that more nitrification was taking place as NH4+-N was mineralized from the 
organic N pool (Figure 3.8). This increased nitrification could have caused the pH to 
decrease more in the RBL samples. Although soil pH decreases with BL additions, the 
negative effects of reduced soil pH might be offset by the ability of BL to complex 
exchangeable Al. A study conducted by Thomas (1975) found that soil organic matter 
can complex H and specifically Al to prevent low pH from harming yield. Adding BL to 
soil increases the organic matter content and helps to keep the decreased pH produced 
from nitrification from harming yield. This is one of the benefits of BL additions in 
comparison to inorganic fertilizers in cropping systems.  
There was a significant difference between the N control and the litter samples 
(p<0.001). There was a significant difference between the N control and the soil only 
control (p<0.001). The N control was lower than both the litter amended samples and the 
soil only control. Addition of ammonium nitrate is known to cause a decrease in pH from 
to high rates of nitrification due to H+ release as NH4+-N is nitrified to NO3--N. The 
decline in pH of the soil control sample was more than expected since less nitrification is 
occurring (Figure 3.4). Soil pH isn’t expected to decline at the same rate as the N 
amended treatments due to lower overall N content. The NO3--N content of the soil only 
control increased over the incubation period since N was mineralized from the organic 
pool of N in the soil and then nitrified.  
3.4.5.2 Application Method 
There were no significant differences in pH between application methods 
(p=0.796). There were no interactions between bedding material and application method 
(p=0.359). The lack of differences between application methods for NH4+-N or NO3—N 
content supports this result the primary reason for pH changes during the incubation are 
due to nitrification. The lack of difference between application methods indicates there 
was enough BL to soil contact in the surface applied treatment to allow nitrification to 
occur at the same rate as in the incorporated sample. This agrees with the NO3--N data 
that showed no significant differences between application methods (Figure 3.5). The 
nitrifying microorganisms were numerous enough in the samples to access the surface 
applied litter to the same extent as the incorporated samples. 
3.4.6 Mehlich III Extractable Phosphorus 
3.4.6.1 Bedding Material  
There was no significant difference in Mehlich III extractable P due to the 
bedding material (p=0.694). There was no significant difference between the soil only 
control and the N control (p=0.843). There was a significant difference in Mehlich III P 
between the BL treatments and the soil only and N only controls (p<0.001). The litter 
samples had significantly more Mehlich III P, with an average of 9.8 mg kg-1 more. The 
difference in Mehlich III P between the litter treatments and controls is expected since 
BL contains a significant amount of P (12-19 g kg-1for our BL samples).  
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3.4.6.2 Application Method 
The surface applied samples had significantly more Mehlich III P than the 
incorporated samples at the beginning of the incubation (p<0.01) (Figure 3.9). The 
surface applied samples had 7.3 mg kg-1 more Mehlich III P. The BL was the source of P, 
since it is high in P content of 12-19 g kg-1. The litter in the incorporated samples had 
more contact with the soil and could result in a higher rate of P sorption to the soil 
colloids. Phosphorus is adsorbed to clays, Fe and Al oxides, and carbonates reducing the 
pool of extractable P in the soil. It can also precipitate out as the secondary compound of 
Ca-P when there is a pool of available Ca. The soil used (Crider silt-loam) is formed from 
limestone residuum resulting in a high Ca content. In the surface applied samples, the P 
did not have as much direct contact as the incorporated samples since the litter was 
surface applied. In the incorporated samples, the litter had more contact, resulting in a 
higher rate of P sorption and resulting in a smaller pool of Mehlich III extractable P over 
the course of the incubation.  
There was a significant interaction between the amendment type (rice or wood-
based bedding) and the application method (surface applied or incorporated) (p=0.0302). 
Surface applied RHL was significantly higher in Mehlich III P than surface applied WBL 
(Figure 3.9). When incorporated the difference in Mehlich III P between the bedding 
material types was not significant (p<0.1). The differences resulting in the interaction are 
less than 5 mg kg-1 difference. The RHL had 12.5 g kg-1 Mehlich III P and the WBL had 
13.5 g kg-1 (BL 3 and BL 6 in Table 8). When the WBL was surface applied it started 
with a higher Mehlich III P content at day 1 than when it was incorporated (Figure 3.9). It 
is possible that the RHL that was surface applied it did not release as much P during 
watering events to lead to P leaching into the soil and allowing P sorption to occur. In a 
study observing nutrient concentrations and runoff from BL with pine chip bedding 
material and rice hull bedding material similar results were observed. Throughout the 
study it was observed that the treatments with pine chip litter produced greater nutrient 
concentrations in runoff and lower nutrient concentrations in the soil than the rice hull 
treatments did (Sheng et al., 2014). More nutrients were conserved in the soil, and that 
caused the runoff values to be lower for the rice hull treatments (Sheng et al., 2014). 
Soluble N and P concentrations in the soil were higher for treatments with rice hulls. It is 
possible that part of the difference observed is due to particle sizes and surface area. The 
pine chip BL contained larger sized particles with less total surface area. The higher 
surface area of the rice hulls causes higher absorbance of nutrients. Leconte et al. (2011) 
confirmed this by reporting that nutrient release from poultry manure composts was 
regulated by particle sizes of agents in addition to types of carbonaceous bulking agents. 
It was also reported that manure stability increases with decreasing particle size, meaning 
that less N and P are released (Leconte et al., 2011). These results support the conclusion 
that the WBL allowed more P to be leached from the surface applied BL into the soil 
allowing for P sorption while the RHL was more stable and did now allow for as much P 
to move throughout the sample. 
3.4.7 Mehlich III Extractable Zinc 
3.4.7.1 Bedding Material 
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The Mehlich III extractable Zn content of the samples was significantly different 
between the bedding materials (p=0.0391). The RHL samples was an average of 0.312 
mg kg-1 lower than the WBL samples. The BL composition of the WBL showed a higher 
Zn content (0.51 mg kg-1 ) than the RHL (0.28 mg kg-1). This difference in Zn content of 
the BL initially explains the difference observed in the samples during the incubation. 
There were no differences between the controls (p=0.908). There was a significant 
difference between the controls and the BL amended samples (p=0.0403). The BL 
amended samples were 0.465 mg kg-1 higher than the control samples. The litter was a 
significant source of Zn resulting in the difference between the BL amended samples and 
the control (Figure 3.10). This is one of the benefits of using BL in corn production 
systems. Application method did not influence Zn content (p=0.716).  
3.4.8 Mehlich III Extractable Potassium 
There was a significant difference in the Mehlich III K content of the RHL and 
WBL samples (p=0.0924). There was more Mehlich III K in the WBL samples than the 
RHL samples (6.7 mg kg-1) (Figure 3.11). This difference can be attributed to the BL 
composition. The WBL samples had an average of 29 mg kg-1 K while the RHL samples 
had an average of 24 mg kg-1 K (Table 3.11). Potassium is the nutrient utilized second 
only to N which means most crops have a high K demand. This differences in K content 
adds value to WBL since applying this BL will result in higher soil test K levels. The K 
content of the litter amended samples was significantly higher than the control samples 
(p<0.001). The samples amended with BL had significant K additions since the BL 
contained 24-29 mg kg-1 K in comparison to the controls which had no K additions. 
Application method did not influence K content (p=0.296).  
3.4.9 Total Carbon 
3.4.9.1 Bedding Material 
The WBL samples had significantly more total C than the RHL litter samples 
(p=0.0548) but did not differ from the control (p=0.112). There was no significant 
difference between the soil only control and the N control (p=0.535). This was expected 
since the total C content of the litter and of the bedding material itself are higher for 
wood based than for rice hull based. The C content of the litter samples were 302 g kg-1 
for WBL and 259 g kg-1 for RBL (Table 3.11). The C content of wood-based products is 
much higher than for rice hulls. The difference in total C content is supported by 
numerous other studies. Wood based bedding materials are typically 40-50% C while rice 
hulls are 20-30 % C (Leconte et al., 2009; Parveresh, 2004; Mushtaq, 2019). This results 
in a much higher C:N ratio of 300:1 or more for wood based products while rice hulls 
have a much lower C:N ratio of 30:1 to 50:1. The observed difference in total C between 
the litter bedding types is explained by the greater C content of the wood based bedding. 
Van Kessel et al. (2000) found that there was a linear relationship between readily 
mineralizable N and the C:N ratio when the C:N ratio was below 42. This linear 
relationship could partially explain the increased inorganic N content of the RHL (Figure 
3.1). Subair et al. (1999) found that the percentage of organic N mineralized was 
negatively correlated with the amount of C, the initial C:N ratio of the manure, and the 
loss of C during the experiment. The higher C content and C:N ratio of the WBL helps 
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explain the lower percentage of total N that was mineralized. There was no significant 
difference for C due to application methods for this study (p=0.504). 
3.4.10 Other Results 
3.4.10.1 Mehlich III Extractable Magnesium 
There was no significant difference in Mehlich III extractable Mg content 
between bedding materials (p=0.372). There was a statistically significant difference 
between the litter amended samples and the controls by about 6.67 mg kg-1 (p<0.001) 
(Table 3.12). The BL samples had 4-7 g kg-1 Mg. The controls had no Mg additions 
which explains the difference in Mg content. There was no significant difference between 
the application methods (p=0.140).  
3.4.10.2 Total Nitrogen 
There were no significant differences in total N between the sample dates, 
bedding types, or controls (p>0.1). There were no significant differences between the 
application methods or interactions between the bedding material and the application 
method (p>0.1).  
The application rate of the amendments was based on the total N in the sample. 
The target was 112 kg total N ha-1. The consistent N rate between the BL amended 
samples and the N control samples explains why there was no significant differences in 
total N. There was no difference between the N control and the soil only control. It is 
possible the total N content of the litter samples and the N control samples should have 
been higher than the soil only control since N was applied. However, the N added to the 
samples is minor when compared to the high amount of total organic N in the samples. 
Total N is the sum of organic N and inorganic N in the samples. The N additions were 
added were not substantial relative to the large pool of organic N in the samples.  
3.4.10.3 Mehlich III Extractable Calcium 
There were no significant differences in Mehlich III extractable Ca between 
bedding material types, soil control, or N control (p>0.1). Mehlich III Ca was not 
influenced by application method (p=0.878).  
3.4.10.4 Carbon to Nitrogen Ratio 
There were no significant differences found between the bedding materials, 
application methods, or controls for C:N ratio (p>0.1). There was no difference between 
the N control and the soil only control for C:N ratio (p>0.1).  
3.4.11 Economics of Broiler Litter Application 
3.4.11.1 Decision Making Tool 
A decision-making tool has been developed by faculty at the University of 
Kentucky for crop producers to use when estimating the value of BL to make decisions 
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about applying BL. There are two separate tools for producers growing primarily grain 
crops and then another tool for producers who are growing pasture, hay, or silage. These 
tools are useful for crop producers considering utilizing BL into their cropping systems 
because the tools are customizable to reflect individual scenarios when selling, 
purchasing, and/or applying BL. The tools are intended to reflect the value of BL based 
on the nutrient content and numerous possible management practices. These tools 
combine the many factors into an easy to use excel workbook where producers input 
information regarding their operation and their practices. These tools use information 
about the producers’ soil test values to determine how much N, P, and K are needed. The 
tools consider the cropping system, the frequency of application, and the nutrient content 
of the BL if available. If the nutrient content is not known, the tool can calculate values 
using an estimate. Commercial fertilizer prices are taken into consideration along with 
the hauling costs associated with BL use, the litter application costs, and price paid for 
the litter. The producer’s management practices are also incorporated into the decision. 
The management practices that are used are the timing of the application, whether wheat 
or a cover crop were planted in the fall, the amount of BL applied, and incorporation 
practices after BL was applied. Each of these management practices influences how 
much of the nutrients will be available during crop growth and the value of the BL.  
The findings from this study indicate that RHL produce more N for the crop than 
WBL. The RHL had 56% of total N available while the WBL only had 43% at the 
highest point in the incubation. At the end of 84 days the RHL and WBL had 50.8% and 
43.2% of TN available respectively. The RHL had an average of 1.12-3.60 kg Mg-1 more 
inorganic N available than WBL did. Kentucky producers typically apply 4.5-7 Mg BL 
ha-1. When scaled to that rate, the RHL releases 4.30-7.84 kg ha-1 more inorganic N at an 
application rate of 4.5 Mg ha-1 and 15.48-25.20 kg ha-1 at an application rate of 7 Mg ha-
1. The findings of this laboratory-based incubation should be studied further with more 
BL samples and in field scale trials before adjusting recommendations.  
3.4.11.2 Value of Inorganic Nitrogen Based on Bedding Material 
The difference in inorganic N between the RHL and WBL are significant 
economically and agronomically to producers utilizing BL as a N fertilizer source. Both 
BL types have a high value in comparison to inorganic N fertilizers (Table 3.13). At an 
application rate of 4.5 Mg ha-1 the inorganic N in the RHL was worth $6.53-$15.26 ha-1 
more than WBL at day 1, $10.53-$24.62 ha-1 at day 28, and at the end of the incubation 
on day 84 the difference in value of inorganic N in RHL was $4.82-$11.21 ha-1 (Table 
11). The range in value covers the range of inorganic N value based on the highest priced 
and lowest priced inorganic N fertilizer source. The value of the inorganic N in the RHL 
increases with an increased application rate. The added value of the RHL over the WBL 
at an application rate of 7 Mg ha-1 was $10.15-$23.73 ha-1 at day 1, $16.38-$38.29 ha-1 at 
day 28, and $7.49-$17.43 ha-1 at day 84. Overall the increased inorganic N content of the 
RHL is significant. The difference in value of BL between the bedding material based on 
inorganic N fertilizer prices supports the need for further research on bedding material. It 
would be beneficial to incorporate bedding material as a factor influencing the value of 
BL in the current decision-making tool. A larger pool of BL samples is needed to make 
accurate recommendations to producers about the value of BL. Further research would be 
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useful based on our results to offer more accurate recommendations to producers across 
the state of Kentucky when making decisions about utilizing BL as a fertilizer.  
These results present the overall value of each BL. The data shows that BL is a 
nutrient rich fertilizer source with valuable N. Often producers do not account for the N 
applied with BL, but this data shows that the N mineralized from the BL is valuable and 
should be accounted for.  
3.5 Conclusions 
The different bedding materials in BL influenced N mineralization rates and other 
nutrient contents. The WBL samples had higher Mehlich III extractable K and Zn than 
the RHL samples. This higher nutrient content adds value to the WBL by adding other 
nutrients to the soil besides N. The N content is lower in WBL, but Zn and K are needed 
by plants in addition to N.  
When surface applied, the WBL samples had significantly more Mehlich III P 
than the RHL. The surface applied samples had significantly more Mehlich III P than the 
incorporated samples (Figure 3.10). The surface applied samples had more Mehlich III P. 
This indicates that surface application of BL results in more P available to the growing 
crop since it is not adsorbed to soil colloids, however this also results in higher risk of 
leaching and surface runoff losses of P. Surface applying BL can result in higher levels of 
nutrient loss in runoff during rain events which leads to environmental concerns with 
high levels of P and NO3--N moving out of the system and into bodies of water (Adeli et 
al., 2007). 
The RHL and WBL were significantly different in NH4+-N content and rate of NH4+-
N decrease over the first 28 days. The RHL samples had a higher NH4+-N content than 
the WBL at day 1 and lost it at a faster rate. There was a significant interaction between 
the bedding material and the application method for NH4+-N. When surface applied the 
RHL had significantly more NH4+-N than the WBL. This quicker losses of NH4+-N mean 
quicker nitrification rates which lead to large quantities of NO3--N produced shortly after 
application. This is supported by higher in NO3--N content of RHL than WBL. The faster 
nitrification rate of RHL is supported by the pH results. The RHL were lower than WBL 
samples indicating nitrification taking place since the process of nitrification lowers soil 
pH. The NO3--N content of the RHL was higher than WBL which indicates that more 
nitrification was taking place as NH4+-N was mineralized from the organic N pool. If the 
NO3--N is not utilized by plants, there is a greater chance of N loss due to denitrification 
or NO3--N leaching when applying RHL compared to WBL. The possibility of NO3--N 
losses when applying BL, especially RHL, should be taken into consideration when 
applying BL. If producers are applying in the fall it is recommended they utilize cover 
crops to take up the NO3--N produced to minimize losses.   
Results showed that RHL had higher levels of total inorganic N, NH4+-N, and NO3--N 
than WBL. This difference was due to the initial content and the total C content of both 
the samples and BL itself. The initial inorganic N content of the RHL samples was higher 
than WBL samples and the inorganic N content of the RHL was higher than the WBL. 
This difference adds value since the RHL had 56% of total N available while the WBL 
only had 43% at the highest point in the incubation. At the end of 84 days the RHL and 
WBL had 50.8% and 43.2% of TN available respectively.  
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The WBL had a higher total C content and when applied in our study the samples had 
an average of 50 mg kg-1 more total C than RHL samples. The higher C content can lead 
to a higher C:N ratio which has been shown to slow the rate of N mineralization in other 
studies. Van Kessel et al. (2000) found that there was a linear relationship between 
readily mineralizable N and the C:N ratio when the C:N ratio was below 42. Subair et al. 
(1999) found that the percentage of organic N mineralized was negatively correlated with 
the amount of C, the initial C:N ratio of the manure, and the loss of C during the 
experiment. In our study there was more total C in the WBL and a higher C:N ratio than 
the RHL (8.19 and 9.90 respectively). 
When applying litter based on TN, our study suggests that a RHL will release more 
inorganic N. The increased values of the N in the BL should be studied further to allow 
producers to account for in their N management decisions. The inorganic N in the RHL at 
day 84 at an application rate of 4.5 Mg ha-1 was $4.82-$11.21 ha-1 and at 7 Mg ha-1 was 
$7.49-$17.43 ha-1 (Table 3.13).  
The difference in inorganic N between the bedding materials has an implication on 
the management practices utilized when applying BL. This is important when 
determining the nutrient value of the BL and the anticipated N release during the growing 
season. Further research should be conducted to include more BL samples from 
additional broiler production facilities to produce a more comprehensive data set before 
altering current recommendations. This data should also be replicated in a field setting to 
confirm the differences found in the laboratory incubation. Further research would be 
valuable and worthwhile based on our results to offer more accurate recommendations to 
producers across the state of Kentucky when making decisions about utilizing BL as a 
fertilizer.  
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3.6 Tables and Figures 
3.6.1 Tables 
Table 3.1. Selected soil properties for the soil prior to the incubation (after pre-
incubation). The Crider silt loam soil was collected from Princeton, KY. All results 
except for inorganic N (NO3--N and NH4+-N) were reported by the University of 
Kentucky Regulatory Services. 
Soil properties, dry weight basis 
USDA texture classification Silt loam 
Soil Organic Matter, g kg-1 20.2 
pH, 1:1 soil/water 6.24 
Buffer pH 7.01 
Total N, g kg-1 1.30 
Total C, g kg-1 10.40 
C:N Ratio 8.0 
NH4+-N, mg kg-1 1.33 
NO3--N, mg kg-1 10.10 
Inorganic N, mg kg-1 11.43 
Mehlich III P, mg kg-1 53.9 
Mehlich III K, mg kg-1 185.7 
Mehlich III Zn, mg kg-1 2.13 
Soil Organic Matter, g kg-1 20.23 
Plant Available Water, g g-1 0.24 
Field Capacity, g g-1 0.36 
Wilting Point, g g-1 0.12 
CEC, cmol kg-1 12.9 
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Table 3.4. Total N content of each broiler litter sample. The rate was calculated to be 
equivalent to 112 kg ha-1 of total N. The broiler litter application rates for study 2 are 
shown in g litter cup-1 and the equivalent litter application rate per hectare.  
Broiler Litter Application Rates 
Litter Type 
g Total N 
kg litter-1 
kg litter 
ha-1 
g litter 
cup-1 
BL 1 (KY RHL) 25.59 4378.39 0.293 
BL 2 (KY RHL) 23.15 4839.98 0.324 
BL 3 (KY RHL) 30.75 3643.43 0.244 
BL 4 (KY WBL) 31.64 3540.36 0.237 
BL 5 (KY WBL) 19.12 5859.52 0.392 
BL 6 (DE WBL) 20.78 5391.20 0.361 
BL 7 (DE WBL) 19.53 5738.52 0.384 
BL 8 (DE WBL) 18.63 6014.13 0.403 
Table 3.5. Regression coefficients for inorganic N content of samples over the 84 day 
incubation. Different letters indicate significant differences in coefficients between the 
treatments (p<0.10). Asterisks indicate statistical significance of the coefficients 
(p<0.10).  
Treatment Intercept 
Linear 
Coefficient 
Quadratic 
Coefficient 
RHL 38.69* a 0.902* a -0.0039* a
WBL 33.42* b 0.804* a -0.0024* ab
N Control 68.27* c 0.476* b -0.0014 ab
Soil Control 20.74* d 0.492* b 0.00002 b
79 
Table 3.6. Inorganic N content of broiler litter (BL) averaged across bedding material 
types. The BL was applied on a total N basis. The range of inorganic N content of BL 
samples used in the study based on 20 kg total N Mg BL-1 and 30 kg total N Mg BL-1 
application rates.  
kg inorganic N mineralized Mg BL-1 
Sample 
Date (days) 
20 kg total N Mg 
BL-1 
30 kg total N Mg 
BL-1 
RHL WBL RHL WBL 
1 7.26 5.33 12.35 9.07 
3 7.14 4.41 12.14 7.49 
7 6.42 5.28 10.93 8.98 
14 9.00 6.45 15.31 10.96 
28 10.67 7.56 18.14 12.85 
56 9.94 8.00 16.91 13.61 
84 9.52 8.10 16.18 13.77 
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Table 3.8. Percent of total N in the litter mineralized to inorganic N by sample date for 
RHL and WBL.  
Percentage of Total N in BL 
Mineralized to Inorganic N 
Sample 
Date (days) 
RHL WBL 
1 38.7% 28.4% 
3 38.1% 23.5% 
7 34.3% 28.2% 
14 48.0% 34.4% 
28 56.9% 40.3% 
56 53.0% 42.7% 
84 50.8% 43.2% 
Table 3.9. Ranges of difference in inorganic nitrogen (N) between RHL samples and 
WBL samples across sample dates.  
Difference in Inorganic N 
(RHL-WBL) 
Sample Date 
(days) 
kg Mg-1 BL 
1 1.93-3.28 
3 2.73-4.64 
7 1.14-1.94 
14 2.56-4.23 
28 3.11-5.29 
56 1.94-3.30 
84 1.42-2.41 
Average 1.12-3.60 
82 
T
ab
le
 3
.1
0
. 
T
ab
le
 s
h
o
w
in
g
 e
st
im
at
ed
 p
la
n
t 
av
ai
la
b
le
 n
it
ro
g
en
 i
n
 K
g
 P
A
N
 p
er
 M
g
 o
f 
B
L
. 
T
h
e 
fa
c
to
rs
 a
re
 b
as
ed
 o
n
 s
p
ri
n
g
 a
p
p
li
ca
ti
o
n
 o
f 
B
L
 w
it
h
 i
m
m
ed
ia
te
 i
n
co
rp
o
ra
ti
o
n
. 
 
S
ta
te
 
R
ec
o
m
m
en
d
at
io
n
 
%
 N
H
4
 
A
v
ai
la
b
le
 
%
 O
rg
an
ic
 N
 
M
in
er
al
iz
ed
  
L
it
te
r 
1
 
K
Y
 
R
H
L
 
L
it
te
r 
2
 
K
Y
 
R
H
L
 
L
it
te
r 
3
 
K
Y
 
R
H
L
 
L
it
te
r 
4
 
K
Y
 
W
B
L
 
L
it
te
r 
5
 
K
Y
 
W
B
L
 
L
it
te
r 
6
 
D
E
 
W
B
L
 
L
it
te
r 
7
 
D
E
 
W
B
L
 
L
it
te
r 
8
 
D
E
 
W
B
L
 
M
ar
y
la
n
d
 
0
.9
7
 
0
.5
0
 
2
4
.7
4
 
1
8
.1
2
 
1
7
.3
6
 
2
2
.7
3
 
1
9
.4
3
 
1
6
.2
1
 
1
4
.9
7
 
1
5
.7
6
 
D
el
aw
ar
e
 
0
.8
0
 
0
.6
0
 
2
6
.2
1
 
1
8
.4
4
 
1
8
.1
1
 
2
4
.4
3
 
2
1
.0
5
 
1
7
.4
7
 
1
6
.4
4
 
1
7
.1
6
 
V
ir
g
in
ia
 
0
.9
0
 
0
.6
0
 
2
7
.1
7
 
1
9
.3
4
 
1
8
.8
6
 
2
5
.2
1
 
2
1
.6
7
 
1
8
.0
2
 
1
6
.8
6
 
1
7
.6
4
 
P
en
n
sy
lv
an
ia
 
0
.9
0
 
0
.6
0
 
2
7
.1
7
 
1
9
.3
4
 
1
8
.8
6
 
2
5
.2
1
 
2
1
.6
7
 
1
8
.0
2
 
1
6
.8
6
 
1
7
.6
4
 
K
en
tu
ck
y
 
-
0
.6
0
*
2
4
.3
0
 
1
6
.6
2
 
1
6
.6
2
 
2
2
.8
6
 
1
9
.8
0
 
1
6
.3
8
 
1
5
.6
0
 
1
6
.2
0
 
M
ea
su
re
d
 T
o
ta
l 
In
o
rg
a
n
ic
 N
 
3
5
.6
4
 
3
0
.4
0
 
1
9
.9
5
 
1
4
.3
8
 
1
9
.6
3
 
1
9
.3
7
 
2
3
.0
9
 
2
5
.0
3
 
*
K
en
tu
ck
y
 r
ec
o
m
m
en
d
a
ti
o
n
s 
m
u
lt
ip
ly
 0
.6
0
 b
y
 t
o
ta
l 
N
 c
o
n
te
n
t 
o
f 
B
L
 
 83 
 
Table 3.11. The nutrient content and composition of the BL samples averaged across 
bedding material types. The differences between the RHL and WBL are 
calculated as RHL-WBL and shown in the difference column.  
 
Broiler Litter Comparison of Bedding Materials 
Parameter RHL WBL  Difference 
C:N Ratio 8.19 9.90 -1.71 
Total C, g kg-1 259.25 301.64 -42.39 
Total N, g kg-1 32.02 30.33 1.69 
Mehlich III P, g kg-1 12.36 15.06 -2.70 
Mehlich III K, g kg-1 23.76 28.77 -5.01 
Mehlich III Ca, g kg-1 11.85 20.89 -9.04 
Mehlich III Mg, g kg-1 4.92 6.73 -1.81 
Mehlich III Zn, g kg-1 0.28 0.51 -0.23 
Cu, g kg-1 0.20 0.36 -0.16 
Mn, g kg-1 0.42 0.61 -0.19 
Fe, g kg-1 0.98 1.34 -0.35 
NO3--N, g kg-1 0.35 0.45 -0.10 
NH4+-N, g kg-1 17.41 11.42 5.99 
Inorganic N, g kg-1 18.12 11.87 6.25 
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3.6.2 Figures 
 
Figure 3.1. The average total inorganic N across the incubation period (84 days) for 
bedding material comparison. The bars on each data point show the standard error.  
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Figure 3.2. The average Ammonium (NH4+-N) across the incubation period (84 days) for 
bedding material comparison. The bars on each data point show the standard error.  
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Figure 3.3. Ammonium (NH4+-N) content over the 84 days showing the interaction 
between BL bedding material and application method. The bars on each data point show 
the standard error.  
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Figure 3.4. Average Nitrate (NO3--N) across the incubation period (84 days) showing 
differences in bedding material. The bars on each data point show the standard error.   
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Figure 3.5. Average Nitrate (NO3--N) across bedding material over 84 days showing 
differences between application methods. The bars on each data point show the standard 
error. 
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Figure 3.6. Phosphate (H2PO4/HPO4) content across the incubation period (84 days) 
showing differences in bedding material. The bars on each data point show the standard 
error.   
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Figure 3.7. Phosphate (H2PO4/HPO4) content over the 84 days showing the interaction 
between BL bedding material and application method. The bars on each data point show 
the standard error. 
  
2
3
4
5
0 20 40 60 80
Incubation Time, days
P
h
o
s
p
h
a
te
, 
m
g
 k
g
-1
Rice
Wood
Incorporated
Surface Applied
 
 93 
 
Figure 3.8. Soil pH values across the incubation period (84 days) showing differences in 
bedding material. The bars on each data point show the standard error. 
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Figure 3.9. Mehlich III extractable P content over the 84 days showing the interaction 
between BL bedding material and application method. The bars on each data point show 
the standard error.  
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Figure 3.10. Mehlich III extractable Zn content across the incubation period (84 days) 
showing differences in bedding material. The bars on each data point show the standard 
error. 
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Figure 3.11. Mehlich III extractable K content across the incubation period (84 days) 
showing differences in bedding material. The bars on each data point show the standard 
error. 
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Figure 3.12. Total C content across the incubation period (84 days) showing differences 
in bedding material. The bars on each data point show the standard error. 
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